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Summary 

Two cDNAs encoding the receptor for murine granulo- 
' cyte colony-stimulating factor (G-CSF) were isolated 
from a CDM8 expression library of mouse myeloid leu- 
kemia NFS-60 cells, and their nucleotide sequences 
were determined. Murine G-CSF receptor expressed in 
COS cells could bind G-CSF with an affinity and speci- 
ficity similar to that of the native receptor expressed 
by mouse NFS-60 cells. The amino acid sequence en- 
coded by the cDNAs has demonstrated that murine 
G-CSF receptor is an 812 amino acid polypeptide (Mr, 
90,814) wrth a single transmembrane domain. The ex- 
tracellular domain consists of 601 amino acids with a 
region of 220 amino acids that shows a remarkable 
similarity to rat prolactin receptor. The cytoplasmic 
domain of the G*CSF receptor shows a significant 
similarity with parts of the cytoplasmic domain of mu- 
rine interteukin-4 receptor. A 3,7 kb mRNA coding for 
the G-CSF receptor could be detected in mouse my- 
eloid leukemia NFS-60 and WEHL-3B D + cells as well 
as in bone marrow cells. 

Introduction 

Production of hematopoietic cells is regulated by hor- 
mone-like growth and differentiation factors called colony- 
stimulating factors (CSFs). CSFs include granulocyte col- 
ony-stimulating factor (G-CSF), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), macrophage colony- 
stimulating factor (M-CSF), and inter! eukin-3 (IL-3) (Mel- 
calf, 1989; Nicola, 1989). G-CSF, produced mainly by 
macrophages, is important in regulating blood levels of 
neutrophils and in activating mature neutrophils. G-CSF 
stimulates some myeloid leukemia cells to proliferate or to 
differentiate into neutrophilic granulocytes (Nagala, 1990). 

Murine G-CSF and human G-CSF have been purified 
(Nicola et a!., 1983; Nomura et al. ( 1986), and cDNAs en- 
coding G-CSF have been molecularty cloned (Nagata et 
aJ. ( 1986a, 1986b; Souza et al., 1986; Tsuchiya et al. f 
1986). Human G-CSF is a 174 amino acid polypeptide, 
while murine G-CSF consists of 178 amino acids. Human, 
and mouse G-CSFs are highly homologous (72.6%) at the 
amino acid sequence level, in agreement with the lack of 
species specificity between them (Nicola et at., 1985). Al- 
though the primary structure of G-CSF does not show ho- 
mology with other CSFs or growth factors, it has a weak 
similarity with interieukin-6 (1 1-6), which stimulates pro- 



liferation and differentiation of B-lymphocytes (Nagata, 
1990). Human G-CSF produced by recombinant DNA 
technology has proven to be a potent regulator of neutro- 
phils in vivo using animal model systems (Tsuchiya et al., 
1987; Nicola, 1989). Recent dinical trials in patients suf- 
fering from a variety of hemopoietic disorders have shown 
that the administration of G-CSF is beneficial in chemo- 
therapy and bone marrow transplantation therapy (Mor- 
slyn et a!., 1989). 

Despite the biological importance of G-CSF, little is known 
about the mechanism of G-CSF-induced signal transduc- 
tion in the proliferation and differentiation of neutrophilic 
granulocytes. Several reports in human and mouse sys- 
. terns have suggested that the expression of the G-CSF 
•receptor is restricted to progenitor and mature neutrophils 
and various myeloid leukemia cells (Nicola and Metcalf, 
1984, 1985; Nicola et al, 1985; Begfey et al., 1987; Park 
et al., 1989). However, the G-CSF receptor has also re- 
cently been found in nonhemopotetic cells, such as hu- 
man endothelial cefts (Buss o lino et al., 1989) and placenta 
(Uzumaki et al., 1989). Biochemical characterization of 
the G-CSF receptor has been hampered by the low num- 
ber of receptors present on the cell surface (at most 1000- 
2000 receptors per cell). A limited number of studies have 
indicated that cells of the neutrophilic lineage have a sin- 
gle class of binding sites for G-CSF with an equilibrium 
dissociation constant of 100-500 pM (Nicola and Metcalf, 
1984; Park et al., 1989; Uzumaki et al., 1989). Cross-link- 
ing studies of the receptor with the radiolabeled G-CSF 
have suggested a M f of 150,000 for the mouse G-CSF re- 
ceptor in WEHI-3B D* cells (Nicola and Peterson, 1986). 
Recently, we were able to solubilize mouse G-CSF recep- 
tor in an active form from NFS-60 cells and succeeded in 
purifying the receptor as a protein with a M, of 100,000- 
130,000 (R. F, t E I., and S. N., unpublished data). 

In this work, we isolated cDNAs encoding the murine 
G-CSF receptor from mouse myeloid leukemia NFS-60 
cells. When transfected into COS cells, the cDNA directed 
expression of a receptor that has similar properties to that 
of the native G-CSF receptor on NFS-60 cells. The amino 
acid sequence of the G-CSF receptor indicates that it be- 
longs to the recently identified growth factor receptor fam- 
ily (Bazan, 1989).. 

Results 

Expression Cloning of the G-CSF Receptor cDNA 
To isolate the cDNA coding for the G-CSF receptor, we 
used a COS cell expression system developed to isolate 
the murine erythropoietin receptor (D'Andreaetal., 1989). 
Double-stranded cDNA was synthesized using mRNA 
from mouse myeloid leukemia NFS-60 cells, which have 
relatively higher expression of the G-CSF receptor than 
other G-CSF-responsive myeloid leukemia cells, such as 
WEHI-3B D+ or 32DC13, A cONA library was constructed 
in the mammalian expression vector CDM8 (Seed, 1987) 
as 884 pools of 60-80 clones. Plasmid DNAs from each 
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pool were prepared by the boiling method and introduced 
into COS-7 cells grown in 6^well microliter plates. At 72 hr 
posttransfection, binding reactions of 12S I-G-CSF (1.7 x 
10 s cpm [200 pM] in a 0.6 mi volume) to COS cells were 
carried out at 37°C for 2 hr instead of 4°C in order to obtain 
a greater signal (D f Andrea et ah, 1989). Under these condi- 
tions, the background binding of labeled G-CSF to trans- 
fected or untransfected COS cells was routinely 308 ± 38 
(SD) cpm. Plasmid DNAs from two pools (I62 and J17) 
yielded binding of 500 cpm and 912 cpm of 125 I-G-CSF. 
respectively, when transfected into COS-7 cells. The bac- 
terial clones of pools I62and J17 were arranged in 12 sub- 
groups of 12 clones each and assayed as above. Some 
subgroups gave positive responses, that is, binding of 
3710-4010 cpm of 125 f-G-CSF to COS cells. By assaying 
single clones from each positive subgroup, two indepen- 
dent clones (pi 62 and pJ17) were identified. When plas- 
mid DNAs from p!62 and pJ17 were transfected into COS-7 
cells, the binding assay gave values of 30,300 cpm and 
31,600 cpm, respectively. 

Binding Characteristics of the Cloned Receptor 
The binding characteristics of the G-CSF receptor ex- 
pressed on COS cells were examined. COS cells trans- 
fected with the plasmid CDM8 or pJ17 were incubated at 
4°C for 4 hr with various concentrations of 1Z5 1-G-CSF in 
the presence or absence of at least a 500-fold excess of 
unlabeled G-CSF (800 nM). Untransfected COS cells or 
COS cells transfected with the CDM8 vector alone did not 
show any significant specific binding of 125 I-G-CSF. On 
the other hand, labeled G-CSF was bound at 4°C to the 
COS cells transfected with the plasmid pJ17. As shown in 
Figure 1, a Scatchard analysis of the specific binding of 
12S I-G-CSF to COS cells revealed a single species of bind- 
ing site with an equilibrium dissociation constant of 290 
pM and 3.0 x 10 4 receptors per cell. If the transfectlon ef- 
ficiency of COS cells was assumed to be 10%-20% (Sonu^ 
payrac and Danna, 1331), the positively transfected CCS 
cells probably expressed the recombinant G-CSF recep- 
tor at 1-5-3.0 x 10 s molecules per cell. Since the native 
G-CSF receptor on NFS-60 cells has an equilibrium dis- 
sociation constant of 180 pM (Figure 1D), these results 
suggest that the polypeptide coded by the cDNA in the 
plasmid pJ17 is sufficient to express the high-affinity 
receptor for murine G-CSF. 

Human G-CSF competes with mouse G-CSF for bind- 
ing to mouse WEHI-3B D + cells (Nicola et al„ 19B5). Ac- 
cordingly, an excess of unlabeled recombinant human 
G-CSFs produced either by mammalian cells or Esche- 
richia coli could compete well with labeled mouse G-CSF 
for binding to COS cells transfected with the plasmid pJl7 
(Figure 2). No Inhibition of binding of 12S I-G-CSF to COS- 
7 cells was observed in the presence of unlabeled recom- 
binant murine GM-CSF, murine IL-3, murine IL-6, murine 
leukemia inhibitory factor (UF), rat prolactin, or human 
M-CSF. These results correlated well with the specificity 
of the native. G-CSF receptor or the purified receptor on 
NFS-60 cells {R. R, E. I., and S. N. t unpublished data). 

Previously, we observed that the G-CSF receptor puri- 
fied from NFS-60 cells has a M r of 100,000-130,000. To 
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Figure 1. Binding of Radioiodinated G-CSF to COS Cells Expressing 
the Recombinant G-CSF Receptor and NFS-60 Cells 
(A) Saturation binding of 125 I-G-CSF to COS cells. COS cells (1 x 10 s ) 
transfected with the ptasmkf pJ17 were incubated with various amounts 
of izsj-Q-CSF with or without an excess of unlabeled G-CSF as de- 
scribed in the Experimental Procedures. The specific binding (•) Is 
shown as the difference between total (O) and nonspeciflc(A) binding. 
(8) Scatchard plot of G-CSF binding data in COS cells. 

(C) Saturation binding of ^I-G-CSF to NFS-60 cells. Total (O), non- 
specific (A), and specilic {•} binding to ceils are shown. 

(D) Scatchard plot of G-CSF binding data in NFS-60 cells. 



determine the molecular size of the recombinant G-CSF 
receptor expressed in COS cells, chemical cross-link- 
ing of the receptor with 125 I-G-CSF was carried ouL As 
shewn in Figure 3, cross-linking of the G-CSF receptor on 
NFS-60 cells with labeled mouse G-CSF (M r , 25,000) 
yielded a band with an apparent M r of 125,000-155,000 
(lane 6), indicating that the M, of the murine G-CSF 
receptor on NFS-60 cells is 100,000-130000. Similarly, 
cross-linking of 125 l-mouse G-CSF to the receptor ex- 
pressed in COS cells gave a major band of M r 120,000- 
150,000 (lane 4), which is slightly smaller than thai de- 
tected in NFS-60 cells. These bands were not observed 
when the cross-linking experiment was carried out in the 
presence of 1.5 u.M unlabeled G-CSF (lanes 2 and 5) or 
when the cross-linking agents were omitted (lane 3). The 
slightly different M r observed in COS cells and NFS-60 
cells may be explained by the differential glycosylation in 
these cell lines. 

The Structure of Murine G-CSF Receptor 
Digestions of the plasmid pJ17 and pl62 with Xhol 
released cDNA inserts of 3.2 kb and 3.0 kb, respectively. 
As shown in Figure 4A. the restriction maps of these in- 
serts were identical except that the 5' terminus of done 
pl62 is 81 bp longer than that of pJ17 and the 3* terminus 
of the clone DJ17 is 238 bp longer than that of pl62. When 
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Figure 2. Specificity of G-CSF Binding to Recombinant G-CSF Re- 
ceptor Expressed in COS Cells 

COS cells transfected with the cDNA for the G-CSF receptor (pJ17) 
were incubated with 2 ng of 12S r-mouse G-CSF in the absence or pres- 
ence of 1 ug of unlabeled murine G-CSF, human G-CSF, murine GM- 
CSF, human M-CSF, murine IL-6, murine UF, or rat prolactin. As human 
G-CSF, human recombinant G-CSFs produced in mouse C127 cells, in 
Chinese hamster ovary ceils, or In E. coll were used. The radioactivi- 
ties bound to COS cells in each experiment are expressed as a per- 
centage of thai obtained without competitor. 



the cDNAs were sequenced, the two sequences were 
found to be identical within the overlapping region.. Al- 
though the two cDNAs contained the complete coding se- 
quence for the G-CSF receptor, they contained neither the 
poly(A) tract nor the pory(A) addition signal. The cDNA li- 
brary was, therefore, rescreened by colony hybridization 
using the 2S kb HindHI-Xbal fragment of p J17 as a probe. 
Fifteen positive clones were obtained from about 60,000 
clones, and one of them (pF1) had 603 bp of 3' noncodlng 
region and contained two overlapping poly(A) addition sig- 
nals. The composite nucleotide sequence of the three 
cloned cDNAs (pl62, pJ17, and pFl) is presented in Figure 
5 together with the predicted amino acid sequence. There 
is a long open reading frame starting from the initiation 
codon ATG at nucleotide positions 180-182 and ending at 
the termination codon TAG at positions 2S9V-2693. The 
open reading frame (2511 nucleotides) can code for a pro- 
tein consisting of 837 amino acids, including the NH r 
terminat methionine In the 5' sequence upstream of the 
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Figure 3. Chemical Cross-Unking of the G-CSF Receptor Expressed 
in COS and NFS-60 CeOs 

COS ceils (&2 x 10 s cells/lane) transfected with the plasmid p!62 
were incubated with 125 I-G-CSF with (lane 2) or without (lanes 3 and 

4) an excess of unlabeled murine G-CSF and chemically cross-finked 
as described in the Experimental Procedures. Mouse NFS-60 cells (3 
x 10* cells/lane) were similarly incubated with *»l-G-CSF with (lane 

5) or without (lane 6) an excess of unlabeled G-CSF and cross-finked 
with DSS and DST. The cell tysate was analyzed by SDS-PAGE on a 
4%-20% gradient polyacrytamide gel and exposed to X-ray film at 
-80°C for 2 days with intensifying screens. As size markers, 14 C*la- 
beied molecular weight standards (rainbow marker, Amersham) were 
efectrophoresed in parallel (lanes 1 and 7), and sizes of standard pro- 
teins are shown in kd. 

long open reading frame, three other potential initiation 
codon ATCls can be found at positions 73, 105, and 12d 
All of these are followed by short open reading frames. De- 
letion of these ATG codons from the cDNA by digesting 
the plasmid pi 62 with Hind II) did not increase or decrease 
the expression level ol the recombinant G-CSF receptor 
in COS cells (R. F. and S. N., unpublished data). 

The long open reading frame starts with a stretch of hy- 
drophobic amino acids that seems to serve as a signal se- 
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Figure 4. Murine G-CSF Receptor cDNAs 

(A) Schematic representation and restriction 
map of three independent cDNAs (pl€2, pJ17. 
and pF1) far murine G-CSF receptor. The box 
represents the open reading frame. The stip- 
pled and black regions indicate the signal se- 
quence and the transmembrane region, re- 
spectively. The cleavage sites for restriction 
enzymes are shown. 

(B) Hydropathy ptat of the amino acid se- 
quence ol murine G-CSF receptor. The hydrop- 
athy plot was obtained by the method of Kyte 
and Dootittle (1982) using a window ol ten 
residues. The numbers under the plot indicate 
positions of the amino acid residues of the 
precursor protein. 
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Cly Tyr Pro Pro Ala Str Pro Sox | Aan 

100 

6S0 

ACC CAC CTC CCC ACC WC TTC ATC CTA 
Thr HI a Leu Pro Thr tor Ph* Xlo Lett 



AAC AAC ACC CAC AAC AAC TCC TCC ATC 
Lys Ly» Arg Cln Am j Asn Cys tor| lie 
iso' 

CCC TCC ACC CAC TCC CCA AAC CTC TCC 
Cly Ser S«c CI a tor Pro Lys Leu Cy» 



CAT CTA CTC rCT CAC CAC CCT CCC TCC 
Asp VU Vil Ser Kls Clo Pro Cly Cy. 
220 

1000 

TAC CAG CCA CAS CTC AAA CCA CCC AAC_ 
Tyr Cln Pro Cln Leu Ly» Cly Ala I As t> 



1100 

CCC CCA CTC TAC ACC CTA CAC ATC CCA 
Ala Pro V*l Tyr Thr Lou Cln Hat Ary 



ACC ATC AW CCC CCC ACC ATC ACA CTC 
T7ir H«t i-y* Alt Pro Thr lie Arg Lou 



PTTTCCTA AATGGAGAAA CTCACACTCACAATCCTGA ACTAACTCAICCJUVCTTCACC AGGCAG CTAACCTTCA AGCTCCCAA A 

250 

ACT CCA CTT ACC CTC ATC TTC TTC CTA CTC CCC ACA ACT CTC CAC ACC TCT CCA CAC ATC CAC 
Thr Cly Val Thr Leu II o Phe Leu Leu Leo Pro Aro Ser Leu Clu Ser Cys Cly «ia Ho Glu 

-1 1 

300 350 
CAC CCT CTC CTC CCC TCT TCC ACC ATC ACC CCA AAC TCC ACC AAA CTC CAC CAA CAC CCA AAC 
Asp Pro val Leu Ale tor Cy* Thr lie tor >ro|As n Cys tor] Lys U*u Asp Cln Cln Ala Lys 
jo 

100 

ATC CAA CCT CCC CAC ACA CAC CAT CAT CTC CCT CAT CCC ACC CAA SAC TCC CTC ATC ACT CTC 
lie ClA Pro Cly Asp Are Cln Kit His Leu Pro Asp Cly Tor Clo Clo S«r L«o Il« Thr Leu 

SO 

500 

CTC TTC TCC TTA CTC CCA TCC CAA CAC ACC CTC CAA CTC CTC CAT CXA CCT GAG CTT CAC CCA 
Leu Phe Cys Lou v*l >ro Trp Glu Aip i*.r Vei Cln Leu Leu Asp cln Ala Clo Lao Ui Alt 
10 

uo 

CTA TCC TCC CTC ATC CAC CTC ACC ACC AAC ACC CTC CTC TCC CAC TCC CAC CCA CCT CCT CAG 
Lav Sorl Cys Lou Kit His Lou Tor Thr Asn Sir Lou Vol Cys Cln Trp Clo Pro Gly Pro Clu 

W0 

700 

AAC ACC TTC ACC ACC CCC CCC CAC TCT CAG TAC CAA CCC CAC ACC ATC CCC CAT TCT CTC CCA 
Lys tor Pho Arg Ser Arg Ala Asp Cys Gin Tyr Cln Cly Arp Thr 11* Pro Asp Cys v«l Ala 
!<« 

7S0 BOO 
CCC CCA AAA AAC TTC CTC CTC TAC CAC TAT ATC CCC ATC TCC CTC CAA CCA CAC AAT ATC CTA 
Pro Aro Ly* Asn Lou Lou Lou Tyr Cln Tyr Hot Ala Uo Trp ▼»! cln All Clu Asn Hot Loo 

iao 

«o \. 

CTC CAC CCC ATC CAT CTT CTC AAA TTC CAC CCT CCC ATC CTC CAC CCC CTC CAC ATT CCC CCT 
Loo Asp Pro (Cat Asp V»l Val Lys Lou Clu Pro Pro rtet Lou cln Mo Lou Asp 11a Cly Pro 
200 

950 

CTC TCC CTC ACC TCC AAC CCA TCC AAC CCC ACT CAC TAC ATC GAA CAC CAC TCT CAA CTT CCC 
Lao Trp Leu Sot Trp Lys Pro Trp Lya Pro tor Clu Tyr Hot Clu Gin Clu Cys- Clu Leu Arg 

240 

10SQ 

TCC ACT CTC CTC TTC CAC CTC CCT TCC ACC AAC CAC CAC TIT GAG CTC TCC CCC CTC CAT CAC 
Trp Thr| Lou -9*1 rtoe Mis L»u Pro Sox Ser Lys Asp Clo Pho Clo Lou Cys Cly Leu Kls Cln 
«0 

1150 

TCC ATT CCC TCA TCT CTC CCT CCA TTC ICC ACC CCC TCC ACC CCC CCC CTC CAC CTC ACC CCT 
Cys Xlo Arg tor Ser Lou Pro Cly Phe Trp Sex Pro Trp tor Pro Cly Lou Gin Loo Arg Pro 

300 

17 00 - 1750 
CAC ACC TCC TCT CAC AAO AAC CAA CTA GAT CCA CCC ACA CTC ACT CTC CAC CTC TTC TCC AAG 
Asp Thr Trp Cjr» Sin Lys Lys Cln Leu Asp Pro Cly Thr Val fez Vol Cln Lou Phe Trp Lys. 
320 



CCA ACC CCC CTC CAC CAA CAC ACT 
Pro Thr Pro Lou Cln Clu Asp Ser 
340 

TCC AAC , ACC ACC CAC CTC ACC TCT 
Cys [Asa Thr Thr j Cln Lou Ser Cys 

1450 

TC» CCT ACT ACA CTC CTT TTC CTC 
Scr Pro Thr Thr Vol Vol Phe Leu 
400 

15S0 

CAC TCC GAA CCC CCC ACC CTT CTC 
Asp Trp Clu Ala Pro Ser Leo Lou 



ATC ATA CAA CCT A AC CCC AAC ATC 
Hot lie Clu Pro Asn Cly | Asn lie 
460 



TAC CCA CCC ATC CTC CCA CCC CCT 
Tyr Pro Cly Xlo Val Cly Pro Pro 



CTT CCC ACA ACC TCC CCA CAC CTC 
Val Cly Thr Thr Trp AU cln Lou 
S20 

i*O0 

CAT CCT CCC CAC CAC TCC TTC TCC 
Asp Ala Cly Asp Kls Set Fht tor 



13(10 

CCA CAG ATC CAC CCC TAC CTC CTC TCC TCC i 

Gly Cln Zlo Cln Cly Tyr Loo Lett Set Trp J 

1400 

ATC TTC CTC CTC CCC TCA GAG CCC CAC AAC < 

Xlo Pho Ltu Lev Pro Ser Clo Ala Cln f Asn "i 
3*0 

CAG AAC CAA CCT CCA CCT CTC ACC CCA CTC < 

Clo Asn Clu Cly Pro Ala Val Thr Cly Loo I 



CCT CAC CCC TAT CTC ATT CAC TCC CAA ATC 1 
Pro Cln Cly Tyr Leu Xlo Clu Trp CW Ket J 
440 

ACT CCA ATT CTC TTA AAC CAC AAC ATA AAT < 
T hr ) Cly Ilk Lou Leu Lys Asp Asa lie Asa 1 



l GAT CAT CAA GCG CAG CAC ATA CAC CTT 
> Asp BU Cln Gly CI a Asp lie His Lou 
3S0 

' CTC CCC TAC AAC AAA GCA CCC ACC TCT 
t Vol Ala Tyr Asn Lys Ala Gly Thr tor 



1500 
- CCC ATC 
i Ala Met 



17SO 

CTA AAT CTC TAC ACC TTC CCT GCA CAC ACA 
val Am VAl Tyr Thr Phe Ala Gly Clu Arg 
500 

1050 

CAC TCC CTA CCT CAC CCC CCT ACC CTC CCC 
Clu Trp Val Pro Clu Ala Pro Arg Leu Gly 



CTC ACC CTA AAC ATC TCC CTC CAT CAC TTT 

Val Thr Loo ) Asn Ita Acij Uu Kit Asp Phe 
i r J<0 



ZQ0O 

CTC TAC CTC ATC CCC ACC ACT CCA GCA CCC TCC ACC AAT AC? ACA C 

Val Tyr Lou Hot Ala Thr Sar Arg Ala Gly Ser Thr | Asn tor Thr) Cly Leu Thr 



CTC CCC ATA CTT TCC TTA CTA CTC 
Leu Cly II* Leu Cys Lou Val Leu 



TTC TCC ACT ACC TCT CTA CTC ACC TCC CTC 



CCC CAA CAC CTT AAC ACC ATC TCC CTA 
Ala Clo Asp Lou Asn Thr lie Trp Val 
420 
1600 

: ACC TAC AAT AAC , AGC TAT AAG TCC TCC 

► Ser Tyr jAsn Asp Ear] Tyr Lys tor Trp 

1700 

! CTC TAC ACA ATT ACA CTC CCT CCC CTS 
i Leu Tyr Arg Zlo Thr Val Ala Pro Leu 
400 

* CAT CCT CCA GCG CTS CAT CTA AAC CAT 

> His Ala Pro Ala Lou Kls Leu Lys Mi* 



ATC ATA CCC CTC ACC CAC TAC ACC ATC TTC TCC CCC 
Ket lie Pro Leu 7hr Mis Tyr Thr Zlo Pho Trp Ala 
54 O 

1?50 

CTC CTC AAG CAC CTC CAC CCC CCC ACT TTC TAT CAT 
Val u« Lys Hi* Leu Clu Pro Ala tor Loo Tyr His 

2OS0 

CTC ACC ACC CTA CAT CCA TCT CAC TTA AAC ATT TTC 
Leu Arg The Leu A*p Pro Ser asp Lto A*n lie Pho 

too 

2150 

TCC TCC AAA CCC ACA GCA AAC ACT TCC TTC TCC TCA 
Cys Cy> | Lys Arg Arg Cly Lye Ths Ser Pho Trp tor 



CAT GTC CCA CAC CCA CCC CAC ACT 

Asp V,l Pro Asp Pro Ala Kls Ser 
S40 

TCC ACC CTC CCA TCA ATC ACC AAG 

Ser 5tr v«l pro tor tie Thr Lys 

2350 

CTT CCA CCC CTC CTT CAC CCC TAT 

Leu Pro Ala Lao v*l cln Ala Tyr 
700 



2200 

ACC CTC ACC TCC TCC TTC CCC ACC ATC ATC 
Ser Lou Ser Ser Trp Leu Pro Thr lie Hot 



ACA CAC CAA ACC TTC CAG TTA CCC ACC TTC TCC CAC 
Thr Clu Clo Thr Phe Cln Leu Pro Ser Phe Trp Asp 
660 



330O 

ATC ACT CAA CTC CAC CAA CAC AAC AAA CCC 

He Thr Clu Leu Glu cl* Asp Lys Lys Pro Thr 81 • Trp Asp tor Clu Ser tor Cly j Asn 

480 



CCT ACC 
Cly S«r| 



CTC CTC CAA GCA GAT CCA ACA CAA ATT TCC 
Vol Lao Cln Cly Asp Pro Arg clo He Sor 



24QO 

AAC CAC TCC CAG CCT CCC TCT CCC ACT CCT CAC CAC 

| Asn CLo tori Cln Pro Pro Ser Arg Thr Cly Asp Gin 

1 ' 720 



24 50 2500 
GTC CTC TAT CCT CAG CTC CTT CAC ACC CCC ACC ACC CCA CCA CTA ATC CAC TAC ATT CCC TCT CAC TCC ACT CAC CCC CTC TIG CCC CCC 
Val Lou Tyr Cly Oln Val Lau Clu Ser Pro Thr Ser Pro Cly Val C+t Cln Trr Xlo Arg See Asp tor Thr Gin Pro Lev Leu Cly Cly 

7*0 

2S50 Z«O0 
CCC ACC CCT ACC CCT AAA TCT TAT CAA AAC ATC TCC TTC CAT TCA ACA CCC CAC CAC ACC TTT CTC CCC CAA CCT CCA AAC CAC GAA GAT 
Pro Thr Pro tor Pro Lys S*r Tyr Clu Asn lie Trp Pho Hit Sar Arg Pro Cln Glu Thr Pho Val Pro Gin Pro Pro Axn Cln Clo Asp 
7*0 7e0 

2SS0 1700 
CAC TCT CTC TTT CCC CCT CCA TTT CAT TTT CCC CTC TTT CAC CCC CTC CAC GTC CAT CCA CTT CAA CAA CAA GCG CCT TTC TAG AACTTTC 
Asp Cys Val Pho Cly Pro Pro Pho Asp Phe Pro Leu Phe 61s Cly Leu Clo Val His cly VaJ Clo Clu CLn Gly Cly Phe Cno 

too 

27S0 2000 
C CCCTCCTTCTATCTTCA AGACCCTCOCCTATTCAG ACCACaAC AC CCCTCCS CTC* AATCTACTC CCC CTC AC ACA ACCACAAACC CCCAjSTCTCTCKTCT^TCTCCCCCCTACCAC 

2650 2900 
CTC rC C TCTACTCTGAGCT TC TCA G6CTAT ACC CTS ACC TCACCCA CT CTCAC ACTCT A ACCTTCACAT A CA TA CI U C TT AC AjCCCCAATCGTCACCAT T C G 1CI T r C AT ATAATTTCA 

2»SC J0O0 3050 

C TCCATTCA ACTCA TTCT ACC TTT7 C ACT T CGG CCTCCTATTTTCACAAATT CT CC CT C GATCTCCTGGTACA TCCCT ACCA TCCCA ACATCTCC GAC CAACATCCACCAACATTCCAA 

3100 3150 
CTTCCACCCCACCCTCGCTACCCT ACAT ACrGACATCCAA tCTCAA AAATTATC C T CC CT C TC C T C CT C C ATC CCTTTAATCCCACCACTCGGC ACGCACAGCCACCTACA T T rCT CA C 

3200 3250 
TTCCACCCCACCCTCCTCTACAAACTCACTTre^ I I I r J T* A TCAC 
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quence By comparing the 5' portion of the sequence with 
typical signal peptide cleavage sites (von Heijne, 1986), 
the 26th amino acid (Cys) from the initiation codon was 
tentatively assigned as the first amino acid of the mature 
protein. The mature murine G-CSF receptor thus would 
consist of 812 amino acids with a calculated M r of 90,814, 
which is 5,000-35000 smaller than the M r (95,000-125,000) 
estimated from the cross-linking experiment (Figure 3) or 
the M, of the purified murine G-CSF receptor (R. F., E. I., 
and S. N., unpublished data). The difference is probably 
due to the attachment of sugar moieties to some of the 11 
putative N-glycosylation sites (Asn-X-Thr/Ser) found on the 
extracellular domain of the G-CSF receptor (Figure 5). A 
hydropathy plot (Kyte and Dooiittle, 1982) of the amino 
acid sequence of the mature G-CSF receptor (Figure 4B) 
revealed a stretch of 24 uncharged amino acids extending 
from Leu-602 to Cys-625, which is followed by three basic 
amino acids. These properties are consistent with those 
observed in the membrane-spanning segments of many 
proteins (Sabatini et a!., 1982). The mature G-CSF recep- 
tor thus appears to consist of an extracellular domain of 
601 amino acids, a membrane-spanning domain of 24 
amino acids, and a cytoplasmic domain of 187 amino 
acids. The NH 2 -terminal half of the extracellular domain 
is abundant in cysteine residues (17 residues in 373 amino 
adds), which seems to be a feature common to the ligand- 
binding domain of many receptors (McDonald et aL, 1989). 
As found in the erythropoietin receptor (DAndrea et.ah, 
1989), the G-CSF receptor is rich in proline (80 residues, 
95%). Furthermore, the content of tryptophan residues in 
murine G-CSF receptor is relatively high (26 residues, 
a2%), although they show no particular area of localiza- 
tion within the receptor. 

Expression of the G-CSF Receptor mRNA 

G-CSF stimulates the proliferation of mouse myeloid leu- 
kemia NFS-60 ceils, while WEHI-38 D + cells can be in- 
duced to differentiate into monocytes and granulocytes by 
G-CSF (Nagata, 1990). To determine whether the same 
mRNA is expressed in NFS-60 and WEHI-3B D + cells, 
Northern hybridization was carried out using the cDNA 
from plasmid pJl7, As shown in Figure 6, a a7 kb mRNA 
could be detected in RNAs from NFS-60 cells (lanes 2 and 
3) as well as from WEHI-3B D + cells (lane 5). The amount 
of mRNA for the G-CSF receptor is.about ten times higher 
in NFS-60 cells than in WEH1-3B D + cells, which agrees 
with our observation that NFS-60 cells bind three to four 
times more 12S I-G-CSF than WEHI-3B D + cells (unpub- 
lished data), in contrast, no transcript for the G-CSF re- 
ceptor was detected in RNAs from other mouse myeloid 
leukemia FOC-P1 cells (lane 4), which do not respond to 
G-CSF, or from nonhemopoietic cell lines such as L929 
(lane 1) or C127I (data not shown). When mRNA expres- 
sion was examined in various mouse tissues, only bone 
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Figure a Northern Hybridization Analysts of Murine G-CSF Receptor 
mRNA 

Total RNA or poly(A) RNA was prepared from mouse ceO lines: LS29 
(lane 1), NFS-60 (lanes 2 and 3), FDC-P1 (lane 4), and WEHI-3B D* 
(lane S), or from mouse tissues: brain (lane 6), lung (lane 7), spleen 
(lane 8), bone marrow (lane 9), fiver (lane 10), and kidney (lane 1 1). Total 
RNA (30 m9) (lanes 1 and 3-1 1) or 2 ug of poty(A) RNA (lane 2) was 
electrophoresed on a 13% agarose gel containing 6£<H> formaldehyde 
and analyzed by Northern hybridization as described in the Experi- 
mental Procedures. 

marrow ceils gave a signal corresponding to the 3.7 kb 
mRNA (lane 9}. The similar size of the mRNAs observed 
in bone marrow cells and NFS-60 ceils suggests that the 
authentic mRNA for the G-CSF receptor is expressed in 
mouse myeloid leukemia NFS-60 cells. 

Discussion 

The mechanisms of signal transduction induced by vari- 
ous hemopoietic growth and differentiation factors, include 
ing G-CSF, are not fully understood, in part because their 
receptors are expressed in low levels on the cell surface. 
Recently, receptors for several cytokines and lymphokines 
have been molecutarly cloned by various techniques (Ya- 
masaki et al. , 1 988; Mosiey et al., 1989; Hatakeyama et ai. , 
1989; DAndrea et al., 1989; Gearing et al., 1989; Itoh et 
a!., 1990). To isolate the cDNA for the G-CSF receptor, we 
used the expression cloning method developed by DAn- 
drea et al. (1989). We chose this method since a single 



Figure 5. Nucleotide Sequence and Predicted Amino Acid Sequence of the Murine G-CSF Receptor cDMA 

Numbers above and below each line refer to the nucleotide position and amino acid position, respectively. Amino acids are numbered starting al 
Cys-1 o* the mature G-CSF receptor. On the amino acid sequence, the signal sequence and the transmembrane domain are underlined. Two overlap- 
ping polytA) addilion signals (A ATA A A) are also underlined. Potential N-gfycosylation sites (Asn-X-Ser/Thr) (11 in the extracelhilar domain and 2 in 
the cytoplasmic domain) are boxed. 
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G-CSFR( 96)£}Y[PlTA;S[P|S N3 
PRLR ( 1) Q S ? P GiK P E I 1 
GHR ( 27)-T]NJS.S«k EIpJk F ' 
cons 



G-CSFRU46) QiG Dmi PiDTc Iv A K[K]R - - r Q' 
RPLR ( 44) G E'KlTjr Y[EC P D Y Kjf*S 
GHR ( 76) w£TgjE W K IE C P P Yf V>S A 
cons C 

G-CSFRU94) CiLjD 
RPLR ( 94 J l(V D 
GHR (124) S lv D 
cons 

G-CSFR(244) [LlRf Y| 
RPLR U42)«M|EY 
GHR 
cons 

G-CSFR(291)[l . 
RPLR (207) H 
GHR <219){S" 
cons 




B 

G-CSFR{376) fLJLfiTsjE A Q|N|v]T!L1v[a] yTnIk A[G]T|S~Si- - P[tTtT^V F<L 
CONTAC (745) !M|P |P SI T Q Y rQlvjK« t VjK|^F |NJ S k(g|D[G PJF S l |t|a[v|i Y;S 



G-CSFR(422> 
CONTAC (795) 




E?N E GfPlli- - VfTlGiLjH A M A Q D L N 
fljQD AlPlTjE V p[TJD!vjS VK-VLSSS 



E A P. r S!L L fi?j - foTG~y]L[T|E -fwlE MS S PjS;Y|N]N S Y K*S\W Mpt'ste N GjSjl TfG|I l|l!k 
U H V[T;E K!S:V! E|g YI qIiIr yIw)A LAjH&jK E A A&Q RlV_Qj v s N*Q*E Y«S;T k|l|- 



G-CSFR(470) fDTNri]NFp]F 
COHTAC(840> !E[wLiKlPjN 



FQL 
T R 



[|a*p]l XjTGjI V 



„ t . J]V N V Y T F AfGlEjRIAP P|H A PfAjL HfllX Hfvl-jG T« 

]AAJ^ NL§.AJG Y lGP Pf S R T I D I IlTjR iKlA P P| S Q R^PJR iLlJs Slv|R^ 



G-CSFR(519) fT'W & Q;I,1e|w)v P E a(p]r LGK IJP~L|T H[y] TjllF^wi A D a[gTd'[h|S F^V T L N I;S|LfH]D F V{L*X H\L\ 
CONTAC (890) «SjR Y I»ljT[»(D H V K^AJM SNE S'AVjE G[YjK[VjL^YjR P D[gJq[H|E -[GjK LFS T<GJK(RjT I EJVJ- Pffi 



G-CSFR{569) EfPjAjS^LfYlHj 



CONTAC (938) P*SjD 



.jS^lFyIhIv] YrL»M[A]T S RiAfGlsff N{ S [Tj G JL; T Jl| Rff] L DfFsjD 
•.GjElYjvlvlElVjRiAjH N EiGjGjD»(5j;jV' L AjQl.l;KLl:SLGjA TlA.GJV 



g-csfr(602) |Llyrj]^ri: 

IL-4R (209) yp*jGLV.H 



GfTlLfCL] VlLfL S T T 
UJc&J* L F C 



G-CSFR(652) [T[ffT|E "ETjFIqIlTpIS F 
IL-4R <253) lljljl'.QD A!-|q|v|p1- L 



WDSSV 
WDKQ 



C V VfflwlL C Cf KlRTRlG K T S [F|W| SfD"Vjpj I 

L f cIjJfjs i t[k|i;kjk I - -LwJw|Dj.ft.|ipJi 

VPfSll 

T r|sJQ 286 a. a. 



LlHlSrSlqS S WLPIT; 
1- - V'AJ 



;-csfr(672) T[K|rrrjE L< r E~ElD K KfPl'fiH w d[s]e sfsjGlN G[s]L;T~A]lTv]Q>A| y vfL] 
L-4R (557) V(KjQy3jA A[Q w DjP G v|pjGjv R p[sjG DjpjGjY KjAjF-S_sJljLjS;SjN Gjlj 



G' 

IL- _ 

G-CSFR(722) ItTgId Q VL If G Q[vf- L^ETsT[t'rapfG"v";M QrYV^Rrs'ffi- f^pQjp^ L^]G[pTf IP 
IL-4R (604) KPFQNP[v]P N;Q |s p|s |s|V;P L;F T^FjGiLjD.T E»l|s1P;S [P L\V \S\0[V\ P.K 

G-CSFR(769) H SfpTPiOjElT F V;PjQfp~P]NfQ'E^D DCV 

IL-4R (654) G L^K_GJGy?;W V K:Ajp |p Pl AjD QjV P K P 



GDlP]R E I[S]N Q[S]Q P PjS'R; 
G PIT ; JAJA A' L GjT D D' L G HJ 



f^gIp p f d FfI F; - \t~ f\ Q (gIlI q v[h]g v e e 
f g| d d l g [f1g; i[v y'sisIljt c[h)l c g h 



K S Y E NfT.W F 
P E C L G'LjE L 



95 



317 375 



601 



812 



B 



TM 



Rgure 7. Comparison of the Amino Acid Sequence of the G-CSF Receptor with That of Other Growth Factor Receptors 

(A) Alignment of the G-CSF receptor with prolactin and growth hormone receptors. The amino acid sequence from 96 to 317 of the murine G-CSF 
receptor is aligned with rat prolactin and human growth hormone receptors to give maximum homology by introducing several gaps ( - ). Identical 
residues in two sequences are enclosed by sofid fines, and residues regarded as favored substitutions are enclosed by broken lines. Favored amino 
acid substitutions are defined as pairs of residues belonging to one of the following groups: S, T, P, A. and G; N, D, E, and G; H, R, and K; M, I, 
L, and V; F, Y, and W. Amino acids conserved !n nine members of ihe growth factor receptor lamify {G-CSF, prolactin, growth hormone, erythropoielin, 
GM-CSF, IL-23, IL-3, 1L-4, and 11-6) are shown under each Gne with or without brackets. The residues without brackets are conserved in more than 
eight members, and the residues with brackets are conserved in five to seven members In the family. 

(B) Alignment of the G-CSF receptor with contadin. The amino arid sequence from 376 to 601 of the mouse G-CSF receptor is aligned with the 
amino acid sequence of chicken contactin as described in (A). 
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polypeptide purified from NFS-60 cells is sufficient lo bind 
G-CSF with a high affinity (R. E, E. K, and S. N., unpub- 
lished data) and little background binding of G-CSF to 
COS cells is observed. 

Expression of the cloned cDNA gave rise to a protein 
that shows the same binding properties as those of the 
G-CSF receptor in mouse NFS-60 cells. Recombinant and 
native G-CSF receptors could bind 125 i-G-CSF with a dis- 
sociation constant of 200-300 pM (Figure 1), could specifi- 
cally bind mouse G-CSF or human G-CSF, but could not 
bind other growth and differentiation factors such as IL-3, 
GM-CSF, M-CSF, IL-6, LIF, and prolactin (Figure 2). Fur- 
thermore, the cross-linking experiment indicated that the 
M r of the recombinant G-CSF receptor (100,000-130,000) 
expressed in COS cells is similar to that of the G-CSF 
receptor purified from NFS-60 cells or the polypeptide 
cross-linked in NFS-60 cells (Figure 3). These results indi- 
cate that the G-CSF binding protein in NFS-60 ceils is 
coded by the cloned cDNA. However, upon stimulation by 
G-CSF, it is not known whether this polypeptide alone can 
transduce the signal into cells or whether other proteins 
are required to form a functional receptor capable of con- 
ferring G-CSF responsiveness. 

The amino acid sequence of murine G-CSF receptor 
(Figure 5) has many properties commonly found in the 
receptors for growth and differentiation factors (McDonald 
et al., 1989). It has a signal sequence at the N-terminal 
and a single transmembrane domain, suggesting that the 
N-termina! part of the molecule is extracellular and the 
C-terminai part remains Inside the cell. Within the first 80 
amino acids of the mature G-CSF receptor are four cys- 
teines, two of which (Cys-21 and Cys-77) are organized in 
a manner characteristic of receptors of the immunoglobu- 
lin superfamily (Williams and Barclay, 1988). However, the 
sequence between these two cysteine residues does not 
seem to fulfill the criteria for recognition as a member of 
the immunoglobulin superfamily (Williams and Barclay, 
1988). 

Comparison of the amino acid sequence of the G-CSF 
receptor with all sequences in the National Biomedical Re- 
search Foundation data base revealed that one part of the 
extracellular domain of the G-CSF receptor has remark- 
able similarities with the prolactin receptor and another 
part has remarkable similarities with contactin (Figure 7). 
Prolactin is an anterior pituitary hormone and belongs to 
the family consisting of growth hormone, prolactin, and 
placental lactogen (Cooke et al., 1981). The amino acid se- 
quences of human prolactin and growth hormone show a 
homology of 48% when conservative changes in amino 
acids are included. Accordingly, as shown in Figure 7A, 
the entire extracellular domain of the prolactin receptor 
(210 amino acids; Boutin et al., 1988) has a similarity of 



4a2% (60 identical amino acids and 38 homologous ami- 
no acids) with a domain of the growth hormone receptor 
(Leung et al., 1987). To some extent, growth hormone com- 
petes with prolactin in binding to the prolactin receptor 
(Boutin et al., 1988) and vice versa (Leung et al., 1987). 
When the amino acid sequence from 96 to 317 of the mouse 
G-CSF receptor was aligned with the extracellular domain 
of the rat prolactin receptor, 54 of 227 amino acids were 
identical and 40 more represented conservative substitu- 
tions, yielding an overall similarity of 41.4%. The regions 
homologous between G-CSF and prolactin receptors are 
not well conserved in the growth hormone receptor, result- 
ing in a low similarity (34.4%) between G-CSF and growth 
hormone receptors. Despite the similarity in amino acid 
sequence of the extracellular domains of the G-CSF and 
prolactin receptors, a 500-fold excess of unlabeled rat pro- 
lactin did not inhibit the binding of 125 l-G-CSF to the re- 
combinant G-CSF receptor expressed in COS ceils (Fig- 
ure 2). This is consistent with the fact that the amino acid 
sequence of G-CSF has no significant homology to that 
of prolactin. These results may suggest that regions of the 
extracellular domain of the G-CSF receptor that are not 
similar to the prolactin receptor are required for the bind- 
ing of G-CSF. In this regard, it is notable that the extracel- 
lular domain of the G-CSF receptor is 391 amino acids 
larger than that of the prolactin receptor. 

When the sequences of the ligand binding domains of 
growth factor receptors were compiled, it was suggested 
that the receptors for growth hormone, prolactin, eryth- 
ropoietin, and IL-6. as well as for the £ chain of the IL-2 
receptor, belong to a novel receptor family (Bazan, 1989). 
Recently isolated receptors for (Mosiey el al., 1989), 
IL-3 (Itoh et aL, 1990), and GM-CSF (Gearing et al., 1989) 
are also members of this receptor family. The consensus 
amino acids in the family are indicated in Figure 7A. In the 
G-CSF receptor, the consensus cysteine and tryptophan 
residues are conserved, and the "WSXWS" motif (Gearing 
et al., 1989; Itoh et al., 1990) is also found at amino acid 
residues 294-298; this suggests that the G-CSF receptor 
belongs to the family. In this comparison of the G-CSF 
receptor with other hemopoietic growth factor receptors, 
it may be noteworthy that the similarity of the G-CSF and 
IL-6 receptors is less pronounced than that of the G-CSF 
and prolactin receptors, although G-CSF and IL-6 have a 
similarity of 44.6<V& (Nagata, 1990). 

As shown in Figure 78, the amino acid sequence from 
376 to 601 in the extracellular domain of the G-CSF recep- 
tor has a significant similarity (425%) with a part of the 
extracellular domain of chicken contactin (Ranscht, 1988). 
Contactin is a neuronal cell surface glycoprotein of 130 kd 
and seems to be involved in cellular communication in the 
nervous system. Because the region from amino acid 



(C) Alignment of the G-CSF receptor with the IL4 receptor. The amino acid sequence from 602 lo 808 of the mouse G-CSF receptor is aligned with 
two corresponding regions of mouse IL-4 receptor as above. 

(D) Schematic repmsentation of the mouse G-CSF receptor. The box indicates the mature G-CSF receptor. "TM represents the transmembrane 
domain. Region W indicates a domain (222 amino acids) with similarity to other growth (actor receptors, including prolactin and growth hormone 
receptors and contains the -W3XWS" motif. Region "8" (226 amino acids) d the mouse G-CSF receptor shows similarity to chtcten contactin. Region 
-C- (211 aVino acids) includes the transmembrane domain (underlined) and the cytoplasmic domain of the G-CSF receptor and is similar to two 
regions of the mouse IL-4 receptor 



CeD 
346 



residues 737-818 of contadih can be aligned with the 
fibronectin type III segment involving binding to cells, 
heparin, and DNA, it is possible that this region plays an 
important role in cell adhesion (Ranscht, 1988). Granulo- 
poiesis occurs daily in bone marrow, and the direct inter- 
action of the neutrophilic progenitor cells with the bone 
marrow stroma cells has been proposed (Roberts et a!., 
1988). The similarity of part of the extracellular domain of 
-the G-CSF receptor with contactin may suggest that this 
region is involved in the communication of neutrophilic 
progenitor cells and stroma cells. 

The cytoplasmic domain consists of 187 amino acids 
and does not show any homology with the catalytic do- 
main of the protein kinase family (Hanks et al., 1988). As 
observed in other growth factor receptors (Hatakeyama et 
al., 1989; Mosley et a!., 1989), this region is rich in serine 
(12.8%) and proline (123%). When the transmembrane 
and cytoplasmic domains of the G-CSF receptor were 
aligned with the amino acid sequences of other growth 
factor receptors, a significant similarity with the IL-4 recep- 
tor was found. As shown in Figure 7C, the transmembrane 
domain and the first 46 amino acids of the cytoplasmic do- 
main of the G-CSF receptor are homologous (50.0%) to 
the corresponding regions of the murine IL-4 receptor. 
Furthermore, amino acid residues 672-808 of the G-CSF 
receptor show significant similarity (45.4%) with amino 
acid residues 557-694 of the IL-4 receptor. These results 
suggest that signal transduction by G-CSF and IL-4 may 
be mediated by a similar mechanism. 

The &7 kb mRNA for the G-CSF receptor was detected 
not only in NFS-60 cells but also in WEHI-3B D + cells 
(Figure 6), suggesting that the same G-CSF receptor is in- 
volved in G-CSF-induced proliferation of NFS-60 cells and 
differentiation of WEHI-3B D+ cells. The different effects 
of G-CSF on NFS-60 and WEHI-38 0 + cells may there- 
fore be mediated by different signal transduction mecha- 
nisms downstream of the receptor. In this regard, it is in- 
teresting that the c-myb and ew-1 loci, which appear to be 
involved in differentiation of myeloid cells, are rearranged 
in NFS-60 cells but not in WEHi-38 D + cells (Morishita et 
al., 1988). When RNAs from several mouse tissues were 
examined, the transcript for the G-CSF receptor was de- 
tected only in bone marrow cells that contain the progeni- 
tor for neutrophilic granulocytes. However, since G-CSF 
has some effect on bone remodeling (M. Y. Lee, R. F., 
T. J. Lee, J. L. Lottsfeldt, and S. N., submitted) and growth 
of endothelial cells (Bussolino et al., 1989), a low-level ex- 
pression of the G-CSF receptor In other tissues cannot be 
ruled out. Under low-stringency hybridization, mRNA for 
the human G-CSF receptor could be detected in some hu- 
man myeloid leukemia cells (R. F., Y. S., and S. N., unpub- 
lished data) using mouse G-CSF receptor cDNA as a 
probe- Availability of cDNA for the human G-CSF receptor 
would be valuable in the screening of various leukemia 
cells from human patients for the expression of the G-CSF 
receptor before treatment of the patients'with G-CSF (Mor- 
styn et al., 1989). Furthermore, the soluble form of the 
G-CSF receptor may be useful clinically to inhibit the 
proliferation of some human myeloid leukemia cells that 
are dependent upon G-CSF (Santoli et al., 1987). 



Experimental Procedures 
Cells 

Mouse myeloid leukemia NFS-60 cells (Weinstein et al., 1966; kindly 
provided by 1 Ihle, St. Jude Children's Research Hospital) were grown 
in RPM1 1540 medium supplemented with 10% fetal calf serum (FCS) 
and 1 0-20 U/ml of recombinant mouse IL-3. COS-7 cells were routinely 
maintained in a Dulbecco's modified Eagle's medium (DMEM) contain- 
ing 10% FCS. 

Recombinant Colony-Stimulating Factors 
Human recombinant G-CSF was purified from medium conditioned 
with mouse C1271 cells, which were transformed with the bovine papil- 
lomavirus expression vector (Fukunaga et al., 1984) carrying human 
G-CSF cONA (Tsuchiya et a!., 1967). Mouse G-CSF was produced by 
using a similar expression system and purified to homogeneity (R. F, 
E. K, and 5. N.. unpublished data). Human recombinant G-CSF and 
M-CSF produced by Chinese hamster ovary cells were provided by 
Chugai Pharmaceutical Co. Human recombinant G-CSF produced by 
E. cofi was purchased from Amersham. Mouse recombinant lL-3 and 
GM-CSF were generous gifts from Dr. A. Mtyajima and K. Aral (DNAX 
Institute). Mouse recombinant iL-6 and mouse recombinant UF were 
generously provided by Dc T. Htrano (Osaka University) and N. Nicola 
(Walter Eliza Half Institute), respectively. Rat prolactin was purchased 
from Chemicon International, tnc 

Mouse recombinant G-CSF was radioiodinated by the IODOGEN 
method (Fraker and Speck, 1978) with a slight modification (R F„ E. I., 
and S. N„ unpublished data). Specific radioactivities ranged from 6-6 
x 10 4 cpm/ng protein (1200-1600 cpm/fmol). 

Construction of the COM 8 cDNA Library 

Total RNA was prepared from exponentially growing NFS-60 cells by 
the guanidine isothiocyanate/CsCI method (Ch/irgwin et al., 1979), and 
poly{A) RNA was selected by d?go{dT)-celluiose column chromatogra- 
phy. Double-stranded cONA was synthesized as described (Nagataet 
al., 1986a) using a kit from Amersham, except for'the reverse transcrip- 
tase, which was purchased from Seikagaku Kogyo Co. Addition of 
BsOQ nonpalmdromic linkers to the blunt-end cDNA and size fraction- 
ation of cONA on a 1% agarose gel were performed using a kit from 
lnvitrogen. cDNA larger than 13 kb was recovered from the gel and 
ligated to BstXI-dlgested COMB vector (Seed, 1987). E. coli MC1061/p3 
cells were transformed with the ligated DNA by the electroporation 
method as described (Dower et aL, 1988). 

DNA Preparation 

A total of 6 x 10 4 bacterial colonies were plated on agar at a density 
of 60-80 colonies per well using 24-weH microliter plates, and glycerol 
cultures for each pool of colonies were prepared. LB broth was inocu- 
lated with aiiquots from each glycerol culture, and pi asm id DNAs were 
prepared by the boiling method (Maniatiset aL, 1982) followed by phe- 
nol extraction and ethanol precipitation. 

Transfectlon of COS-7 Cells 

Monolayers of COS-7 cells were grown In 6^well microliter plates, and 
transfection of plasmid DNA into COS-7 cells was carried out by a mod- . 
iflcation of the DEAE-dextran method (Sompayrac and Danna, 1981). 
In brief, about 50% confluent cells were washed three limes with serum- 
free DMEM and incubated for 8hr at 37°C with 0.6 ml of DMEM contain- 
ing 50 mM Tris-Ha (pH 73). 03 mg/ml DEAE-dextran, and 1 ug of plas- 
mid DNA. After glycerol shock with Trts-Hd-buffered saline containing 
20% glycerol for 2 min at room temperature, cells were washed twice 
with DMEM and Incubated in DMEM containing 10% FCS 

Screening of Transfectznts of COS-7 Cells 
At 72 hr after transfection, COS-7 cells were washed with DMEM con- 
taining 10% FCS and 20 mM HEPES (pH 73) (binding medium) and 
incubated at 37°C for 2 hr with 1.7 x 10 s cpm (200 pM) of 12S I-G-CSF 
in 0.6 ml of the binding medium. Unbound radioiodinated G-CSF was 
removed, and cells were successively washed three times with phos- 
phate-buffered saline (PBS) supplemented with 0.7 mM CaCfs and 05 
mM MgCl 2 and once with PBS. Ceils were then recovered by trypsini- 
zation, and the radioactivity associated with cells was counted using 
an AUTO-GAMMA 5000 MJNAXI -^counter (Packard). Background 
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binding of 12S -i-G-CSF to COS-7 ceils transfected with lha COMB vec- 
tor was 308 ± 38 (SO) cpm. Two positive pools were identified that 
showed significant binding of radioiodtnated G-CSF (500 and 912 cpm) 
to the transfected COS-7 cells. Independent clones (144) from each 
positive pool were grown in six 24 -well microliter plates and subjected 
to sib selection (Maniatis el al., 1982) using a matrix of 12 x 12 clones. 
After a final round of minipreparation of plasmids and transaction into 
COS-7 cells, a single done was identified from each positive pool. 

Binding of ,25 I-G-CSF to COS Cells and NFS-60 Cells 
COS cells grown on 15 cm plates were transfected with 20 fig of the 
pf 62 or pJT7 plasm id as described above except that cells were treated 
for 3 hr with a DEAE-dextran solution containing DNA. Cells were split 
into 6-well microliter plates 12 hr after the glycerol shock and grown 
for 60 hr In DM EM containing 10% FCS. Cells were washed with bind- 
ing medium and incubated at 4°C for 4 hr with ,25 I-G-CSF (10 pM to 
1.2 nM range) in 1.0 ml of the binding medium. To determine the non- 
specific binding of 125 l-G-CSF to cells, a large excess of unlabeled 
G-CSF (800 nM) was included in the assay mixture, and the radioactiv- 
ity bound to the cells was subtracted from the total binding to yield the 
specific binding. For binding of G-CSF to NFS-60 cells, &2 x 10* 
cells were incubated at 4°C tor 4 hr with various concentrations of 
125 1 -G-CSF in 0J3 ml of RPMI-1640 medium containing 10% FCS and 
20 mM HEPES (pH 7.3). 

Chemical Cross -Unking 

The chemical cross-linking of 12S 1-G-CSF to the receptor expressed in 
COS cells was performed according to the procedure described tor 
NFS^O cells (R. F., E. I., and S. N., unpublished data). In brief, 8 x 
10 s of COS cells (on 35 cm plate) transfected with the piasmid pl62 
were incubated at 4*C tor 25 hr with 1.2 nM of the radiorodinated 
G-CSF in the presence or absence of 1.5 p.M unlabeled G-CSF in 0.6 
ml of the binding medium. The cells were scraped from the plate using 
a cell lifter and washed with 1 ml of PBS three times. Cross-Onking was 
carried out on toe for 20 min in 1 ml of PBS containing 150 uM drsuc- 
cinimidyl suberate (OSS) and 150 »iM disuccinimidyl tartarate (DST). 
The reaction was stopped by the addition of 50 til of 1 M Tris-HCI (pH 
7.4), and cells were collected by centrlfugation and lysed with 15 [4 of 
1% Triton X-100 containing a mixture of protease inhibitors (2 mM 
EDTA. 2 mM ( p-amin oph enyi)m eth an es u! to nyl fluoride hydrochloride, 
2 mM O-phenanthroBne, 0.1 mM leupeptin, 1 vgfml pepstatin A, and 
100 U/mi aprolinin). After centrlfugation, the clear tysate (10 pi) was 
analyzed by electrophoresis on a 4<M>-20% gradient polyacrytamide 
get in the presence of SDS (Laemmli, 1970). ' 

Hybridization and Nucleotide Sequence Analysts 
Coiony hybridization and Northern hybridization were carried out as 
described (Maniatis et aL, 1982). As a probe, the 25 kb Hindlll-Xbal 
fragment of clone pJl7 was labeled with 32 P by the random primer 
labeling method (Feinberg and Vbgelstein, -1983). 

DNA sequencing was performed by the dideoxynucleotide chain 
termination method using T7-DNA polymerase (Pharmacia) and la- 2 ^)- 
dATPaS (Amersham). 
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We report the isolation from a placental library, of two cDNAs that can encode high affinity 
receptors for granulocyte colony-stimulating factor (G-CSF) when expressed in COS-7 cells. The 
cDNAs are predicted to encode integral membrane proteins of 759 and 812 amino acids in length. 
The predicted extracellular and membrane spanning sequences of the two clones are identical, 
as are the first 96 amino acids of their respective cytoplasmic regions. Different COOH termini 
of 34 or 87 residues are predicted for the two cDNAs, due apparently to alternate splicing. The 
receptor with the longer cytoplasmic domain is the closest human homologue of the murine 
G-CSF receptor recently described by Fukunaga et al. (Fukunaga, R., E. Ishizaka-Ikeda, Y. Seto, 
and S. Nagata. 1990. Cell 61:341). A hybridization probe derived from the placental G-CSF 
receptor cDNA detects a ~3-kb transcript in RNAs isolated from placenta and a number of 
lymphoid and myeloid cells. The extracellular region of the G-CSF receptors is composed of 
four distinct types of structural domains, previously recognized in other cell surface proteins. 
In addition to the two domains of the HP receptor family-defining region (Patthy, L. 1990. 
Cell 61:13) it incorporates one NHr terminal Ig-like domain, and three additional repeats of 
fibronectin type Ill-like domains. The presence of both an NH2-terminal Ig-like domain and 
multiple membrane-proximal FN3-like domains suggests that the G-CSF receptor maybe derived 
from an ancestral NGAM-hke molecule and that the G-CSF receptor may function in some adhesion 
or recognition events at the cell surface in addition to the binding of G-CSF. 



Granulocyte colony-stimulating factor (G-CSF) 1 is a gly- 
coprotein secreted by macrophages, fibroblasts, and en- 
dothelial cells originally identified by its ability to stimulate 
the survival, proliferation, and differentiation in vitro of pre- 
dominandy neutrophilic granulocytes from bone marrow pro- 
genitors (1). The capacity of G-CSF to regulate in vivo 
granulopoiesis is supported by animal and clinical studies, 
which demonstrated a reversible rise in circulating neutro- 
phil levels in response to administered recombinant G-CSF 
(2). G-CSF has pleiotropic effects on mature neutrophils, en- 
hancing their survival and stimulating functional activation, 
including induction of neutrophil alkaline phosphatase (3) 
and high affinity IgA Fc receptors (4), priming for respira- 
tory bunt (5, 6), and increased chemotaxis (7). G-CSF effects 



1 Abbreviations used in this paper FN3, fibronectin type III homology unit; 
G-CSF, granulocyte colony-stimulating factor; HP receptor, hernatopoictHi 
receptor, NCAM, neural cell adhesion molecule; PRX, prolactin. 



have also been observed on hematopoietic cells that are not 
committed to the granulocyte lineage, for example, stimula- 
tion of the proliferation or monocytic differentiation in vitro 
of some myeloid leukemic cells (8-10) and, in synergy with 
other colony-stimulating factors, the proliferation in vitro of 
some multipotential hematopoietic precursors (11-13). A re- 
cent clinical study implicates G-CSF in the regulation of 
human erythropoiesis (14). G-CSF may also affect nonhernato- 
poietic cells, since it appears to stimulate the proliferation 
and migration of endothelial cells (15), and the growth of 
cell lines derived from colon adenocarcinomas (16) and small 
cell lung carcinomas (17). 

These diverse effects of G-CSF are mediated by the inter- 
action of G-CSF and specific cell surface receptors. Initial 
binding studies with native murine G-CSF detected low 
numbers of receptors on responsive murine cell lines and 
human bone marrow cells of the neutrophilic lineage (18-20). 
Affinity cros slinking studies suggested a murine receptor mo- 
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lecular weight (M r ) of ~ 150,000 (21). G-CSF muteins with 
improved stability have been shown to bind a single class of 
sites (Xd = 100-500 pM) on circulating neutrophils (22), 
U937 cells (23), placental membranes, and trophoblasts (24). 
Similar affinities have been measured for the binding of na- 
tive G-CSF to a single class of sites on myeloid leukemic and 
small cell lung carcinoma cell lines (17). Although affinity 
crosslinking experiments detected human receptors of M T 
~ 150,000 on neutrophils, an additional crosslink to a protein 
of M r ~ 120,000 could be detected on placental membranes, 
suggesting a more complex receptor composition (22, 24). 

Here we report the isolation from a placental library of 
two cDNA clones that encode high affinity receptors for 
G-CSF when expressed in COS-7 cells. The two clones encode 
identical extracellular and transmembrane sequences, but differ 
in the COOH-texrninal portion of their cytoplasmic regions, 
due to what appears to be alternate splicing. The predicted 
protein sequence of one clone suggests it is the strict human 
homblogue of a recently cloned murine G-CSF receptor 
cDNA (25). 

Materials amd Methods 

Human G-CSF Preparation. Human G-CSF (26) was expressed 
in yeast, using the a-factor secretion system (27), as a rautein in 
which Cysl7 was replaced by serine and Arg22, by lysine. These 
alterations inhibit, respectively, the formation of disulfide-Iinked 
oligomers and inappropriate processing through destruction of a 
KexII recognition site. Alternatively, a fusion polypeptide of the 
same construct but incorporating a hydrophilic octapeptide at the 
NH2 terminus to aid in purification (28) was also expressed. The 
biological activities of both purified forms were ~2 x 10 7 U/mg 
determined in a standard proliferation assay using the murine my- 
eloid leukemic cell line DA-1. 1 U corresponds to that amount of 
G-CSF that gives half-maximal pHJTdR incorporation. 

Radiokbeling of G-CSE Purified human G-CSF was radiola- 
beled to a specific activity of 7 x 10 u cpm/mmol using a solid- 
phase chloramine-T analogue. 5 /tg of purified G-CSF and 2 /*Ci 
in 150 pi PBS was placed in a 10 x 75 mm glass tube pre- 
viously coated with 5 /ig of Iodogen (Pierce Chemical Co., Rock- 
ford, IL) and incubated for 25 min, 4°C. Free and ligand-bound 
iodine were subsequently separated by gel filtration through a 1 ml 
column of Biogel P-6 (BioFLad Laboratories, Richmond, CA) that 
had been blocked with BSA. Radiolabeled stocks were stored at 
4°C in RPMI-1640 containing 2.5% BSA, 20 mM Hepes burTer, 
and 0.2% sodium azide, pH 7.2 (binding medium). The specific 
radioactivities of labeled G-CSF were based on determination of 
initial protein concentration by amino acid analysis, with correc- 
tion from control experiments to determine protein recovery after 
iodination, in which an aliquot of G-CSF was mixed with 125 I-G- 
CSF and the iodination protocol repeated, with omission of 
Na l25 I. 

Cell Lines and Tissue Preparations, HL60, U937, C10, KG-1, 
HeLa, RAJI, MJ, and RPMI 1788 cell lines were maintained in 
RPMI 1640 (Gibco Laboratories, Grand Island, NY), 10% FCS, 
2 mM gluumine, and 50 uM 2-ME at 37°C in a humidified at- 
mosphere of 5% CO2 in air. Peripheral blood granulocytes were 
isolated by sedimentation on discontinuous Ficoll Hypaque (Sigma 
Chemical Co., St. Louis, MO) gradients followed by red blood cell 
lysis in ammonium chloride. Placental membranes were isolated 
as follows. Fresh, full-term human placenta, obtained from Swedish 



Hospital Medical Center (Seattle, WA) on ice, were washed six 
times with ice-cold PBS to extract excess blood, and the tissue, 
trimmed of amnion and chorion, was cut into small pieces. The 
pieces were transferred to one volume of BurTer A (30 mM Hepes, 
pH 7.4, containing 0.25 M sucrose, 1 mM PMSF, 1 /iM pepstatin 
A, 10 /iM leupeptin, 2 mM o-phenanthroline, and 0.02 U/ml 
aprorinin), homogenized for five 1-roin intervals with a PT10/35 
homogenizer (Brinkman, Westbury, NY) at setting 7 and cen- 
trifuged at 6,800 g for 30 min, 4°C The supernatant was made 
0.1 M in sodium chloride and 0.2 mM in magnesium chloride and 
centrifuged at 42,000 g for 40 min at 4°C. The resulting pellets 
were washed twice in Buffer A by resuspension and centrifugation 
as above. The final sedimented membranes were resuspended in 30 
ml of Buffer A at a protein concentration of 10-20 mg/ml and 
stored at -70°C. 

Binding Assays and Data Analysis. For equilibrium binding assays 
with native (placental membrane) G-CSF receptor, serial dilutions 
of 125 I-G-CSF in binding media were incubated with 300 /ig 
membrane (protein) in 10 x 75 mm glass tubes in a total volume 
of 100 pi for 2 h, 4°C. Control experiments showed equilibration 
had been reached in this time. Bound ligand was measured by sub- 
sequent collection of membranes in the reaction mixture on glass 
microfiber filters (Whatman, Hillsboro, OR) using a vacuum filtra- 
tion apparatus. Filters were washed three times with ice-cold 
PBS/ BSA (1 mg/ml) before gamma counting. Nonspecific binding 
was determined for each data point with a control tube containing 
a 400-fold molar excess of unlabeled G-CSF. Free radiolabeled ligand 
for each data point was measured by counting an aliquot of ligand 
identically incubated in the absence of membranes, after subtrac- 
tion of the corresponding bound counts. Binding curves were plotted 
in the Scatchard coordinate system, expressing bound ligand in units 
of rmole/milligram membrane protein. 

For equilibrium binding assays with recombinant G-CSF receptor, 
COS-7 cells transacted with either the D-7 or 25-1 G-CSF receptor 
cDNA clone (COS-G-CSFr) were first diluted 10-fold with carrier 
cells (EL4-3* murine T cells) to prevent COS cell aggregation. 
EL4-3* and untransfected COS cells were both shown to lack 
receptors for human G-CSF. Serial dilutions of 125 I-G-CSF in 
binding media were incubated with cells (2 x 10 6 total cells/ml) 
for 2 h at 4°C in a total volume of 150 /il using 96-well micro titer 
plates. Free and bound ligand were separated by centrifugation of 
duplicate 60-/41 aliquots of the reaction mixture in plastic tubes 
containing a phthalate oil mixture (29). The tubes were cut, and 
supernatant (free ligand) and pellets (bound ligand) were gamma 
counted. Nonspecific binding was determined by inclusion of a 200- 
fold molar excess of unlabeled G-CSF in the reaction mixture at 
one ligand dilution; the linearly extrapolated nonspecific binding 
was subtracted from each data point to generate specific binding. 
Binding parameters b^terrnined on adherent COS-G-CSF receptor 
cells were similar to those determined in the suspension assay. 

Affinity Cross-Unking. Adherent COS cells on 10-cm culture 
dishes transiently expressing the recombinant G-CSF receptor were 
incubated with l2S I-G-CSF (1 nM) in RPMI 1640 for 2 h at 4°C 
in the presence or absence of unlabeled G-CSF (1 jiM). Cells were 
washed twice in ice-cold PBS and then crosslinked in situ with 
0.1 mg/ml bis^sulfosuccinimidyl) suberate (BS J , Pierce Chemical 
Co.) in PBS at 25°C for 30 min. Cells were subsequently washed 
twice with PBS and then lysed with 0.5 ml of PBS/1% Triton con- 
taining protease inhibitors (2 mM PMSF, 10 /iM pepstatin A, 10 
/iM leupeptin, 2 mM o-phenanthroline, 2 mM EGTA, 1.25 mM 
benzamidine, 0.5 mM EEHA, and 2 pg/ml soybean trypsin inhib- 
itor). Lysates were scraped from plates, rnicrofuged at 12,000 £ for 
10 min, and supernatants retained. Placental membranes (8 mg pro- 
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tein/ml) were incubated in 1.5-ml plastic microfuge tubes with 
1 mM ^I-G-CSF in a total volume of 100 /d PBS for 2 h at 4°C 
in the presence or absence of unlabeled G-CSF (1 jiM). Membranes 
were then washed two times with ice cold PBS, resuspended in 
100 fjl of PBS, and incubated with BS 3 (0.1 mg/ml) for 30 min 
at 25 °C Membranes were washed twice, then lysed in 150 /d of 
PBS 1% Triton (with protease inhibitors) for 30 min at 4°C. 
Insoluble debris was removed by centrifugation for 30 min at 
10,000 g, and the supernatant was retained. 

SDS-PAGE. Samples, including methyl J4 C-labeled molecular 
weight markers (Bethesda Research Laboratories, Bethesda, MD), 
were boiled for 30 min in sample buffer (0.06 M THs-HCl, pH 
6.8, 2% SDS, 10% glycerol, 5% 2-ME) and analyzed on an 8% 
SDS gel (30). After electrophoresis, gels were fixed in 25% 
isopropanol, 10% acetic acid, dried, and autoradiography with 
Kodak X-Omat AR film at -70°C 

cDNA Library Construction and Screening. Total cell RNA was . 
isolated from whole fresh placental tissue as described below and 
polyadenylated RNA prepared by chromatography on oligo(dT)-cel- 
lulose as described (31). Double-stranded, oligo(dT)-primed cDNA 
was prepared with a commercial kit (Amersham Corp., Arlington 
Heights, IL). The resulting cDNA was size fractionated by chro- 
matography on Sephacryl S-1000 (Pharmacia Fine Chemicals, Pis- 
cataway, NJ) in 0.5 M sodium acetate. The excluded cDNA was 
cloned into the BgUI site of the mammalian expression vector, 
pDC302 (32) by an adaptor method similar to that described by 
Haymerle et aL (33). Briefly, noncomplementary oligonucleotides 
of the sequence 5'^iATCTTGGAACGAGACGACCTGCT and 5'- 
AGCAGGTCGTCTCGTTCCAA synthesized on a DNA syn- 
thesizer (model 380A; Applied Biosystems, Foster City, CA) were 
annealed and ligated in separate reactions to either cDNA or BgUI 
cut vector. NonHgated oligonucleotides were separated from cDNA 
or vector by chromatography over Sepharose CL-2B (Pharmacia Fine 
Chemicals) at 65°C in 10 mM Iris (pH 8.0), 0.1 mM EDTA. 5 ng 
of adaptored vector was ligated to adaptored cDNA in 10-/il reac- 
tions containing 50 mM sodium chloride, 50 mM THs-HCl (pH 
7.5), 10 mM magnesium chloride, 1 mM spermidine, 0.5 mM ATP, 
0.1 U//il T4 polynucleotide kinase and 0.4 U/jiI T4 DNA ligase 
for 30 min at 37°C. Reactions were then desalted by drop dialysis 
on VSWP 013 filters (Millipore Corp., Bedford, MA) against dis- 
tilled water for 40 min immediately before electroporation into Esch- 
erichia coli strain DH5 a as described (34). Iransformants were ob- 
tained with an average cDNA insert size of 1.6 kb. ftwls of 600 
colonies were prepared and DNA minipreps of these were trans - 
fected into COS cells as described (35). After 3 d growth in 
DME/10% FCS, the cells were screened for 125 I-£-CSF binding 
by an in situ autoradiographic plate binding assay (36). 

RNA Analysis. Total cellular RNAs were isolated by the 
guanidinium isothiocyanate-cesium chloride method and electro - 
phoresed through formaldehyde agarose gels as described (31). RNA 
was transferred to nylon filters (Amersham) by capillary blotting 
and UV crosslinked using a Stratalinker (Stratagene, La Jolla, CA). 
Filters were probed with a ^labeled antisense RNA prepared by 
T7 RNA polymerase transcription of a subclone of the D7 cDNA 
in pBlueSK (Stratagene). High stringency blot hybridization and 
washing conditions were as previously described (35). 

Sequence Analysis. Sequences were aligned using various com- 
puter programs (GAP; 37, 38) and the progressive alignment method 
of Feng and Doolittle (39) as well as by visual inspection. With 
the exception of the alignment between the human and murine 
G-CSF receptors, a consensus alignment was generated for all se- 
quences, rather than optimizing the alignment between any given 
pair of sequences. Alignment scores were generated using the NBRF 



program ALIGN using the MD data matrix with a bias of +6 
and a gap penalty of 6. The prediction of residues involved in 
j3-strands in immunoglobulin domain folding patterns used the turn 
and secondary structure prediction algorithms of Cohen et al. (40), 
the hydrophobic moment algorithm of Eisenberg et al. (41) as well 
as by inspection. 

Results 

bohtion of Human G-CSF Receptor cDNAs. Quantitative 
binding; studies using radioiodinated G-CSF on a panel of 
human cell lines demonstrated low level expression of a single 
class of binding sites (N <l,000/cell, K4 ~1 nM; data not 
shown). G-CSF receptors with a similar affinity were detected 
on placental membranes (see below), but at a level of ~200 
fmol/mg. Since binding of epidermal growth factor to A431 
cell membranes at this level would correspond to a site number 
of MOVcell (42) we concluded that G-CSF receptors were 
expressed at unusually high levels in placental tissue. A placental 
cDNA library was prepared in a mammalian expression vector 
and DNA from pools of ~600 transformants were transfected 
into COS cell that were then screened for ^I-G-CSF binding 
by contact autoradiography (37). A positive done, D7, was 
obtained after screening 20 pools and contained a 2.6-kb cDNA 
insert that was used as a hybridization probe to identify three 
additional related clones 60m the same library. Restriction 
digests and DNA sequencing showed that the cDNA clones 
fell into two classes: three were of the D7 type and one of 
a somewhat different form, 25-1, shown in Fig. 1. The 25-1 
clone differs from the D7 clones only in its lack of a poly(A) 
tract and in the presence of a 419-bp internal sequence insert. 
This insert occurs between nt 2411 and 2412 of the D7 cDN A 
and appears to be derived from an unspliced intron since it 
contains splice donor and acceptor consensus sequences at 
the junctions with the D7 sequence. 

DNA sequencing of these clones showed that the first ATC 
occurs in a context corresponding well to the Kozak con- 
sensus sequence (CCA/GCCATG; 43) and initiates a reading 
frame that terminates after 11 codons. The next potential ini- 
tiation codon occurs 45 nt downstream, within an inferior 
Kozak context. This reading frame encodes proteins of 783 
and 836 amino acids in the D7 and 25-1 cDN As, respectively. 
Hydropathy analysis identified two major hydrophobic regions 
in the sequence (Fig. 1 D). The first, at the NH2 tenninus, 
is a presumed hydrophobic signal sequence of 24 residues; 
the second, between residues 604 and 629, is a presumed trans- 
membrane domain that makes a single helical span (Fig. 1 
B). Both forms of receptor are thus composed of an extracel- 
lular region of 603 amino acids and a transmembrane region 
of 26 amino acids, but differ in the predicted COOH-terminal 
portions of their cytoplasmic domains. The protein encoded 
by cDNA D7 has a cytoplasmic domain of 130 amino acids, 
while the unspliced intron sequence inserted in clone 25-1 
after amino acid 725 predicts a cytoplasmic domain of 183 
residues. The COOH-terminal amino acid sequence of D7 
appears significantly more hydrophobic than that of 25-1 and 
contains one less Cys residue (Fig. 1). Both the D7 and 25-1 
cytoplasmic sequences have high contents of proline (14.6 and 



1561 Lanen ct al. 




B 

TSUCTKWSEOtffCMGUCRCRTTIIJtajMMWMJUICWGttMttCMCCfiCnsOCeM 74 

is wnccucuGGsauiaiMacroaacKOHMmwwcirffieMOuacjMeeira m 

its intaiaenau aac toe use cxaKTTaaoczooccxoucAKaocTaaceccaaikKTcxc oacQm tcc ggq cue uc in 254 

-14 Nit Al* Are Uu 01 y Aan|Cyi]tar tM ttr Tip Mi Ah Ua U* II* Uu Uu tM fro aly tar Uu Olu Clu[cy»]GlT Bi> 11* tar ( 

hj arc to <scc ccc we arc cm era aao au occ Are aca ace ice nc uc ucmacm aac toc mc cu ck ok ccsgm cca ae 344 

7 V.l tar AU no U* TU Ui Lm 01} top Pre II* Tar AU tar fcyij ll* II* Ly* Ola AaaRyeJtat IU LmAif Pro Olu Pre Ola 36 

145 ATTcraTcaMuersoaxoaaMCToacccaeacaejascMCMcn 

17 II* Uu Trp Acq Uu Oly Alt Olu Uu Ola Pro Oly Oly Are Ola Ola Are Uu tar A«p Gly the Cin cuu S.r II* II* Thr Uu Pro (C 

43S CAC CTC AAC CAC ACT CM i CCC TTX CK TCC TOC TOC CTO AACT0i3CGCAACA«OTC>CAXCCTaCJbCCM U4 

17 u* uu Au Hia Tar Ola Al. Phe Uu tar |cy«}Cr»] Un An Try Oly Ara tar Uu Ola lie Uu Aap olo v.l Olu Uu Are AU aly M 

cc * CCA OCC AXA CCC CAC AAC CTC TOC TOC CTC ATO AAC CK ACA ACC ACC iflC CTC ATC ICC CAS TOO OAS CCA CCA CCT OAS ACC 414 

17 Tyt Pre Pre Al* II* Pre UiAnUa tat [cy7] uu tat Aea Uu Tbr Tar tar tat Uu n*[cyTjala Trp Clu Pre Oly Pro Uu Tbr 124 

<13 CAC CTA CCC ACC AOC TTC ACT CTO AM AOT TTC AM MC COO OQC AAC TOT CM ACCOUlGaJGACTCCATCCTOCACTGCCrroCCXAAe 704 FigWel. Huznafl G~CSF IQCetytOr 

127 «1* l~ >ro tar Tbr Uu Mre tar Pta Ue tar Ar, <Hy tao^Ola Thx Ola Oly tap tar II. U« ta^v.l ,„ IS* cDNAi. (^) Schcmitk Wpmcntotion 

70S OAC 000 CM AOC CAC TOC TOC ATC CCA CDC AAA QC CM CTO TtO tAC CAC AAT ATO OQC ATC TOO OTO CAC CCA GAfi AAT OCO CIO 000 714 W mtrirfion mm nf CU^B 

157 tap Oly Ola tar m» |cy.jCy*| ll* Pre Ar* I*a Bit Uu Uu Uu Tyr 01* Am Met Oly U. Trp VU Oln Al* Oiu Ae* Ale Uu aly 116 rcsaiOTOn OUp 01 Vj-i^bf receptor 

715 ACC AOC ATO TCC CCA CAA CXQTSY CTT OAfl* CCC 190 OAT OTT OTO AAA CTO OAS CCC CCC ATO CTO COO ACC AXO OAC CCC AOC CCT CM AM do W D7 25-1. Rotliction 

117 Tbr tar Het tat Pre Ola L*u|cy»|Uu Aap Pre Nat A*p Val T*l Uu Olu Pre Pre Net Uu Arv Tar Net tap Pre tar Pro Olu 214 SlteS 2TC Indicated tOT BamHI (B) and 

iis oaoccecTCcccAaecAOficTOCCttaacntecTO ti 4 The solid arrow marks the po- 

117 Al. Ale Pre Pre Ola Al. tty^Uu Ola Uu^Ttp Olu Pre Trp Ola Pre Oly Uu Bit He Aaa Ola Lyaggjalu Uu Ar, Bi. 246 sitlOD Ul the D7 WqUenCC at which the 

"* ^f™^f«^^wAocToooc*cwoTooocc« ere tec ooo ctc ctc eta ccc ioM 25-l^peti£c insertion occurs. The in- 

247 Mr* pre Ola Ar, Oly Olu Al. tar Trp Ala Uu Vl Oly Pre Uu Pee Uu Olu Al. Uu Ola Tyr Olu UwfcyTlaly Uu Uu Pre Al. 216 Uttwwm * °* ™ 

, . LJ - J scrt sequence present only in the 25-1 

IMS ACQ OCC TAC ACC CTO CAfl AX*. COC TOC ATC COC TOO CCC CTO OCT OOC CAC TOO MC OAC TOO ACC CCC AOC CTO GAG CTC MA ACT ACC Hi* t - • j. j rrt ll ti ■ 

277 Th, Al* Tyr Tbr Uu Ola U. Arr[cyT]ll. Are Trp Ft* Uu Pre <Uy S. Trp tax A^, Trp tar S£12Su^£K£ !« done IS UidlCated 3S a filled hat, all OthcT 

tiH oaacooowccc ACTOTcAOACTooACAc*TaaT«« „„ sequence is identical in the two clones, 

61tt *** Pre Tar v«l Acq Uu Aap Tar Trp Trp Are, Ola Are 01* Uu Aap Pro Ar, Tbr v.l <Ua Uu Ph. Trp Ue Pre V.1 Pre »C The deduced Coding SeqUeOCCS 2It 

i2 *l ^^^^^^^^^^^^^w^^w^w^^^^akcwcccctcwjiJcj^ Mi shown zs 2% wide ban, noncodintt se- 

m Uu Olu Clu tap tat Oly At, U. Ola Oly Tyr v«l 7al tar Trp Are, tar Oly Oln Al. Cly Al* U. Uu Pro Uu^ta, «r 3« qucncej ^ nam>w ^ ^ 

l S SSSSgSSSSSSKS ^tnnsfaandtraxumr^ 



?*?<™™^^™™™<a™^^™^a***™<ttc*& i S14 quences are shown crosshatched The 

»7 Pre V.l v.l Ph. tar Olu tor Ax, oly Pre Ala Uu Tar Are Uu Ml* Al. Nat Al* Are Aap Pre BU tar Uu Trp v.l oly Trp Olu 42t 35-rCsiduC pOI^A) tail of the D7 done 

isis ccccccAATccATooocrcAoeoetwoTflwwTooow lMI u shown as A35. (B) The nucleotide 

«7 Pre Pre A*a Pre Trp Pre ol» ol f Tyr v.1 II. «1« Trp 01, U- Oly Pre Pro tar Al. tar Aae tar taa u. Tar Trp Ar, N*t olu 45< deduced amiBO add Sequence of 

7s? o^^S^SSSypSSSS r clon^.TherigT^pe^ti^deavage 

l 2? ^ c ** °** OCT CCC TCC CAT OCC CCA OAO CTG CAT CIA KMC CAC ATT OCC AAC 17.4 P^Ctcd the ptO^bility Wright 

417 Tar Hat Oly pre tor Ola Ut V.1 Tyr Al* Tyr tar Ola Olo Hat Al. Pro tar Hi. Al* Pre Olu Uu Hi. Uu Lye Hi. II. oly ly. Sit matTlX OXVOn Hojne (75) U SAOWn by 

ins AccT«(»cAOCTaaAfiT«c«c«QAacttra Wi an open arrow, and the predicted NH? 

S17 Thr trp Al. Olo U. Olu Trp Val Pr. Olu Pt* Pro Oiu Uu Oly u. tar Pr* I« TXr Hi. Tyc «» U. Ph. Trp Thr A« Al. Ola U< teHllinUS of the ntttttre potem is desig- 

l u\ A ^^^SI^*1 x trf w i"?f! rewOTwmOTWWWOTWW ^^™ »" nated residue 1. The predicted man- 

547 A*n Ola tar Fhe tar Al. IU Uu An Al. tar tar Arg Oly Pta V»l Uu Hi* Oly Uu Olu Pre Al* tar Uu Tyr Hia Ua Hi* Uu S7t " , * ^ . 7~7T_ 

A^cci<^Acco£ocTwoccAccAACA«ACA<rrccK j0M t^Tie spanning sequence u indocated by 

577 Hat Al. Al. tar Ola Al. Oly Al. THr Mm tar Tar V.1 Uu Tar Uu Het Thr U« Thr Pre Olu Oly tar Olu Uu S. IU IU Ua 401 ^«Vy UndcrLnC and the Trp-So motif 

m C^S^^^^?^^ ^r^^S^ "X**™ CTC TOT TOC AOC CCC AAC AGO AAO AAT CCC CTC TOO CCA 2144 V 3 light 1111^^ CyitODe re«dutt 

m SJyj^^jyj^J^j^J^JjJgJ^^ ». are boxed and potential N-linked gly- 

- ^pSrtioToTt^ 

^ p^S^Ttfl^STSv^SS S» tionpointuindicatedbyasoHd^ 

2i:s crc»«T OT cTca«A«iwoTocrcc»c«aAc« uu (Q The nucleotide and deduced arnino 

«7 Pre Thr Uu V.1 ale tbr Tyr v.1 Uu Ola Oly Aap Pre Are, AU V*l tar Thr Ola Pre Ola tar da tar Oly Thr tar Aap Oln Al. 726 add Sequence Ot the 3' end of done 25-1. 

2 t\l CDC CCT CCC AGO CCA TCT OCA TAC TTT AAO OAC CAO ATC ATO CTC CAT CCA OCC CCA CCC AA7 OCC CTT TTO TCC TTO TTT CCT AXA ACT 2S04 EnUmetatiOn U COntUlUOUS With B. 

727 Oly Pre fro Ar, ta, tar AU Tyr Pta U, tap Ola U. H*t tau We Pre Al. Pre Pre A« Gl, Uu Uu^Tj ^ Ph. Pre II. Th r 7S4 Cysteine miduCS aiC boXcd SoHd 

™ ~vTt™ r ^* CT>CTTTTTOomo ^^^^^ ^ arrows indicate the junctions of the 

419-bp insert with sequences common 

Q torxth25-landD7.(D)OhJ&cin^^ c 

_ Hydropathidty plot of the D7 and 25-1 

240) CMOTCCTTTAI0O0CAflCTOCra0aCA«CCCCA»AOCCCkO« , 4 „ J j. . 

723 Ola V.1 U» Tyr Oly Ola Uu Uu Oly tar Pre Tbr tar Pre Oly Pre Oly HI. Tyr S S[g]A^ tal tS S SI S IS *S l\\ «CeptOT SttTUenCC 2CCOrdillg tO the 

»»• OOC CTC ACC CCC ACC CCC AAO TCC TAT OAfl AAC CTC TOO TTC CAfl OCC ACC CCC TTO 000 MC CTO OTA ACC CCA OCC CCA AUC CM CAO 2 Si* mCt ^°^ of KytC Slid DooHttk (76). The 

7S3 Oly L~ Thr pre tar Pre Ly. tar Tyr Olu Aaa Uu Trp Pb. OU Al. tar Pre Uu oly Tat l*« v.l Thr Pre Al. Pr. tar Ola Olu 714 predicted Signal and memblWe-Span- 

2541 oac oac tot tttwc&tockaacttccccctcotcmoooatxcootc 2*7i ning smucTic es are indicated by arrows. 

713 A*p A.pf?yT|v*l Phe Oly Pie tau Uu AM Pb. Pre tau tau OU Oly XI. Ar* V.l Ki> Oly Mt Olu Al. tau Cly tar Ph. Taa 41* -e^L J m \ i r 

These sequence data are available from 

247, TTC CTC CCC TTC CCT TCT TOO OCC TOC CTT TTfc AM OCC TGA G£T HX. TOO AGA. ACA GQG ^«T CCA TAA CCC CAT OC TAA AAA CTA 27« EMBL/GcTlbank/DDJB UndtT the 2C~ 

" ' 3151 cession numbers X55720 (done D7) and 



27*1 CCCOWCCC>«C«TCA<XATCrcaCTCACCA0CATCTCCCTCT^ TAC OCT GGG CCT CCC AOC CCA TCT CCA TAC 

2151 TTTAMCACCACATCATCCTCC^COC^CC*C^ „„ X55721 {done 25-1). 
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13.1%, respectively) and serine (13 and 10.4%) a property 
noted for the cytoplasmic domains of many members of the 
hematopoietin (HP) receptor family (44). Neither the D7 
nor 25-1 cytoplasmic regions contain sequences indicative of 
tyrosine kinase activity (45) but Ser760 of the 25-1 receptor 
represents a potential protein kinase C phosphorylation site 
(46). The predicted sequences of both G-CSF receptors con- 



tain nine potential N-linked glycosylation sites (Fig. 1 B), 
all but one in the proposed extracellular region. A murine 
G-CSF receptor cDNA isolated from myeloid leukemia cell 
library (25) encodes a predicted mature protein of 812 amino 
acids, identical in length to that of 25-1, and its COOH- 
termirial sequence is homologous to that of 25-1 but to D7 
only up to the position of the proposed splice site. The 25-1 
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1 2 3 A Figure 2. Comparison of re- 

combinant and native G-CSF 
receptor*. Binding assays described 

200-&^^^^^^^^^^H m ^ atcria ^ 2nd Methods. (A) 

Specific in situ binding of ^I-G- 
CSP to COS cell-ecpxessed re- 
combinant G-CSF receptors 25-1 
(O) and D7 (•) for 2 h at 4°C. 
Data plotted as bound (f) vs. free 
ligand (C). (fi) Rrplotting A in 
ijAi^mjLjttrwsFi^^ Scate h a rd coordinate system, linear 

974-^8^^^^^^^^^^ least squares analysis (30) yielded 

similar ligand affinities for D7 
(Kj - 1.6 nM; n - 3.0 x 105) 

and 25-1 (Kj - 0.53 nM; n - 

5.2 x 10 4 ); but ~6x higher ex- 
pression levels of the former. (Q 
Specific binding of ^I-G-CSF to 
name (psacental membcane) G-CSF 
receptors. Linear least squares fit 
to Scatchard plot give a Kj of 

0.70 nM, similar to both recombinant receptors. (D) Affinity cross-linking of native (placental; lanes 1 and 2) and recombinant (COS-expressed; lanes 
3 and 4) in the absence (1 and S) or presence (lanes 2 and 4) of a 200-fbld molar excess of unlabeled G-CSF. The calculated receptor M t1 after subtrac- 
tion of Hgand molecular weight, is ~ 150,000 in both cases. Cross-linking conditions described in Materials and Methods. 
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cDNA appears, therefore, to encode the strict human homo- 
logue of the murine receptor. At the protein level, these homo- 
logues are highly conserved in sequence (62% identity). 

Comparison of Native and Recombinant G-CSF Receptors. 
The ligand-binding and affinity cross-linking characteris- 
tics of the recombinant G-CSF receptors encoded by D7 and 
25-1, expressed in COS cells, are compared with those of 
native (placental) receptors in Fig. 2. All three receptors dis- 
play a single class of binding sites, with equilibrium dissocia- 
tion constants of 1.6 nM (D7), 0.53 nM (25-1), and 0.67 
nM (placental). Expression levels of the D7 clone, however, 
were approximately sixfold higher than 25-1 (298,000 v. 52,000 
sites/cell). Affinity cross-linking studies of COS-expressed 
D7 and placental G-CSF receptors detected a single subunit 
in each case with an apparent M r of M50.G00. As the cal- 
culated protein molecular mass of the recombinant receptors 
are 92 kD (25-1) and 86 kD (D7), the G-CSF receptor is 
estimated to contain ~35% carbohydrate by weight. Thus 
both native and recombinant receptors share similar charac- 
teristics. 

Expression of G-CSF Receptor mRNA. An antisense RN A 
transcript of the entire D7 sequence was used to probe 
Northern blots of total cellular RNAs isolated from a va- 
riety of sources (Kg. 3). A hybridizing band of ~3 kb was 
detected in placental RNA samples (lane 4) and RNA iso- 
lated from human hematopoietic cells previously reported to 
express G-CSF receptors (17, 22, 23, 47), including the my- 
elogenous leukemia cell line KG-1 (Fig. 3, lane 7), the promye- 
locytic cell line HL-60 (lane l) t the premonocytic cell line 
U937 (lane 5), bone marrow cells (lane 7), and peripheral 
blood granulocytes (lanes 2, 3), the latter containing partic- 
ularly high levels, consistent with the prominent G-CSF re- 
sponsiveness of this cell type. The KG-1 and peripheral blood 
granulocyte samples both show a minor additional hybridizing 
species at ~7 kb (lanes 2, J, and 7), as did placental RNA 
upon longer exposure (data not shown). This species was 
not detectable in cytoplasmic placental RNA, suggesting it 
is a nuclear precursor (data not shown). The observed pat- 
tern of expression suggests that one or bott of the G-CSF 
receptors cloned from the placental library also encode the 
receptors used by hematopoietic cells. Unexpectedly, we have 
also detected low levels of these transcripts in the HTIV- 
1-transformed T cell.lines C-10 and MJ (lanes 6\ 10) and the 
B lymphoblastoid cell lines RAJI and RPMI 1788 (lanes 9 9 
li), cells that are of lymphoid not myeloid lineage. The 
significance of this observation is unclear and requires fur- 
ther investigation. Under the stringent hybridization condi- 
tions used, no specific hybridization was seen with total RNAs 
isolated from HeLa cells (lane 8), dermal fibroblasts, brain, 
or COS cells (data not shown). 

Domain Structure and Sequence Homology of the G-CSF 
Receptor. A computer search of several databases queried with 
the entire G-CSF receptor sequence revealed significant ho- 
mology of the G-CSF receptor extracellular region to three 
distinct groups of sequences: (a) members of the Ig super- 
family (48), (b) the extracellular regions of all members of 
the recently identified hematopoietin (HP) receptor family 
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Figure 3. G-CSF receptor RNA analysis. Northern bloti of human total 
cellular RNAs ekctrophoresed on formaldehyde agarose gels, hybridized 
with antisense D7 probe, and washed as described in Materials and Methods. 
The positions of the 18S and 28S ribosomal RNAs are indicated by arrows. 
All lanes contain 2.5 /xg of total cellular RNA accept lane 3, which has 
0.5 fig of total RNA to avoid overexposure. The blots were exposed at 
minus S0° for different times. {A) 2-h exposure of a blot of RNA samples 
from the following sources: HL60 (lane 1), peripheral blood granulocytes 
(lanes 2, J), placenta (lane 4), U937 (lane 5). (B) 24-h exposure of a blot 
of RNAs isolated from the following sources: C-10 {lane 6), KG-1 (lane 
7), HeLA (lane *), RAJI (lane 9), MJ (lane 10), RPMI 1788 (lane 11), 
aspirated pelvic bone marrow (lane 12). 



(44, 49-53) and (c) the type III homology units (FN3) of 
several vertebrate fibronectins (54) and neural cell adhesion 
molecules (NCAMs) (55, 56). Each of these homologies is 
localized to discrete regions of the extracellular portion of 
the G-CSF receptor. The NHrterminal 90 residues of the 
G-CSF receptor show statistically significant alignment scores 
(>3 SD) with several members of the Ig superfamily (data 
not shown). Fig. 4 A shows a consensus alignment of these 
NHrterminal residues with the NHrterminal sequences 
from the murine G-CSF receptor (25), human IL-6 receptor 
(57), and light chain domains of Ig NEW (58, 59). The G-CSF 
receptor contains an invariant Irp, two appropriately spaced 
Cys, and other residues in conserved positions that define 
Ig-like domains (48). Cys23 and Cys79 of the G-CSF receptor, 
therefore, are likely to form a disulfide loop characteristic of 
the Ig fold (60). This structural motif is further supported 
by the presence of sequences predicted to form the )3 strands 
characteristic of Ig domains (underlined Fig. 4 A). 

The ~200 residue segment of the G-CSF receptor fol- 
lowing the Ig-like moiety (Arg94 to Pro 299) shows strong 
homology to extracellular regions of all members of the HP 
receptor family (ALIGN scores Fig. 4 D) (44) and is shown 
aligned with the corresponding segments of the murine 
receptor and other selected family members in Fig. 4, B and 
C. This region contains the sequence features that define the 
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Figure 4. Homology domains of the G-CSF 
receptor. (A) Alignment of the human and mu- 
rine G-CSF receptor NHrterrninal Ig-Kke do- 
main with the human 1L6 receptor Ig-like do- 
main and the sequences from the light chains 
of IgNEW (58, 59). Bold&ce type indicates 
residues conserved in Ig domains. Underlined 
residues indicate the actual residues involved 
in the 0-strands of the Ig domain folding pat- 
tern in the case of NEW and predicted residues 
comprising the same strands for the receptor 
sequences. (B) Alignment of the human and 
murine G-CSF receptor HP receptor tamily- 
denning region cysteine-rich domains (62) with 
sequences from the same region of the receptors 
for IL6, EL-3, erythropoietin, and prolactin (53, 
57, 77, 78). The conserved Cys and Trp residues 
of the HP receptor family (44, 49-53) are indi- 
cated by asterisks and shading. Cys residues are 
in boldface type. (C) Alignment of the four 

l • . „^ „ , , fibronectin type III (FN3) domains of the 

human and murine G-CSF receptor extracellular region with the FNMike domains of the HP receptor fiunily denning regions (62) of the receptors 
for TL6 0,3, erythropoietin, and prolactin and with the five FN3 repeats of murine LI NCAM (55) the second PN3 repeat of Drosophila neuroglia* 
(63) and four type HI repeats of human fibronectin (64). Asterisks and shading indicate the three residues conserved in all 16 repeats of human fibronectin. 
Shading indicates other residues conserved in some FN3 domains and the WSXWS motifs. Cys and Trp residues are in boldface type. (D) Scores generated 
by the NBRF ALIGN program (38) for the indicated sequences. * 
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HP receptor family; notably a Trp and four Cys residues (taxes , 
asterisks: Fig. 4 B) conforming to a conserved pattern (49-53) 
found in nearly all HP receptors (44) and a COOH-terminal 
WSXWS motif (50-53) which has proven to be a hallmark 
of the HP receptor family (44). The four Cys residues form 
two successive disulfide loops in the growth hormone receptor 
(61), and it is likely that a similar pairing occurs in the G-CSF 
receptor between Cysl07 and 118, and Cysl53 and 162. A 
recent sequence analysis of the HP receptor family-defining 
region (62) has suggested it can be resolved into two distinct 
elements each ~100 residues in length: one NHrterminal 
"cysteine-rich" region and a COOH-terminal "cysteine-poor" 
region, the latter homologous to fibronectin type III repeats. 
Although in the G-CSF receptor these two regions do not 
differ significantly in number of Cys residues (NHrter- 
minal, 6; COOH-terminal, 5), the last 100 residues of the 
region do contain the sequence features characteristic of FN3 
repeats, as shown by alignment with examples of FN3 repeats 
from human fibronectin (54) and two neural cell adhesion 
molecules, murine LI (55) and Drosophila neuroglian (63) 
in Fig. 4 C. The FN3-Iike character of the region is demon- 
strated by the presence of three residues, lrp229, Leu274, 
and Tyr279 (asterisks), in the pattern which is the sole se- 
quence feature absolutely conserved in all of the type III repeats 
of fibronectin (54, 64). Although this region of the G-CSF 
receptor exceeds the low Trp and Cys content characteristic 
of FN3 repeats (54) its designation as an FN3-like domain 
is further supported by statistically significant ALIGN scores 
when compared with 14 of the 16 type III repeats of human 
fibronectin (data not shown). 

The ~300 residues of the G-CSF receptor bordered by the 
WSXWS motif and the transmembrane region also show 
significant homology to FN3 repeats of several vertebrate 
fibronectins and NCAMs, suggesting this region consists of 
three additional repeats of this element. These proposed FN3- 
like domains are shown aligned with the corresponding seg- 
ments of the murine receptor and the examples of FN3 repeats 
in Fig. 4 C. These three FN3-like domains of the G-CSF 
receptor contain the conserved Trp and Tyr residues, described 
above, but only the last domain contains the hallmark Leu, 
a residue only partially conserved in NCAM FN3 repeats. 
These domains of the G-CSF receptor also contain a pair of 
aromatic residues common to the FN3-like domains of many 
NCAMs and fibronectins (boxed). The four proposed FN3- 
like domains of the G-CSF receptor each contain at least three 
Trp residues, and in this respect resemble the FN3 repeats 
of NCAMs rather than those of fibronectin. The proposed 
second, third, and fourth FN3 domains of the G-CSF receptor 
gave significant ALIGN scores respectively to 4, 13, and 15, 
of the 16 type III repeats of human fibronectin (data not 
shown). 

Discussion 

Here we report the isolation and characterization of two 
distinct types of G-CSF receptor cDNAs from a human 
placental library. The equilibrium ligand binding and cross- 
linking characteristics of the recombinant receptors are similar 



to those of native receptors on placental membranes (Fig. 2). 
The D7 and 25-1 cDNAs are predicted to encode integral 
membrane glycoproteins, 759 and 812 amino acids in mature 
length, respectively. The predicted molecular masses of these 
receptors, 86 and 92 kD, are substantially less than the M50 
kD inferred by affinity crosslinking, suggesting that some 
or all of the nine potential N-linked glycosylation sites con- 
tain carbohydrate. The two receptors share identical extracel- 
lular (603 aa) and transmembrane (26 aa) regions, as well as 
the first 96 residues in their cytoplasmic regions, but have 
alternate COOH-terminal sequences of 34 residues (D7) and 
87 residues (25-1). The nucleotide sequences of the two cDN As 
indicate that they are probably derived from alternatively 
processed transcripts of the same gene, since they differ only 
with respect to a 419-bp insert in the 25-1 cDNA that ap- 
pears to be an unspliced intron. A recently reported murine 
G-CSF receptor cDNA (25) encodes a protein that shows 
strong homology to both placental G-CSF receptors up to 
the splice point in the cytoplasmic domain, after which the 
homology continues only in the 254 clone, indicating it is 
the strict human homologue of the reported murine receptor. 
It is unclear if the reported murine G-CSF receptor cDN A 
sequence has the splicing potential to encode an alternate 
COOH-terminus. Inspection of the murine sequence reveals 
a very similar (murine, CAG GTCCTC; human, CAG 
GTCCTT) potential splice donor sequence located within 
the same DQ/VLY peptide sequence as the human 25-1 
cDNA. However, while there are potential splice acceptor 
sites in the murine sequence, translation of the sequences 
downstream in all three reading frames reveal no significant 
homology to the D7 type COOH terminus. Thus, genera- 
tion of a D 1- type cytoplasmic terminus in murine G-CSF 
receptors might be possible if an alternative splice acceptor 
site exists in 3' sequences of the murine gene. 

Differential splicing results in the tissue-specific expression 
of transcripts encoding alternate cytoplasmic domains for at 
least two other cell surface proteins, rat liver prolactin (PRL) 
receptor (65) and chicken NCAM (66). The tissue specificity 
of expression of the potential G-CSF receptor isoforms re- 
mains to be determined at both the mRN A and protein level, 
but a preliminary analysis with specific oligonucleotide probes 
suggests human granulocytes express predominantly transcripts 
of the 25-1 type (data not shown). This raises the possibility 
that the D7 receptor is specifically expressed at higher levels 
in nonhematopoietic cells such as placenta, and suggests that 
the alternate cytoplasmic domains may confer functional differ- 
ences to the two receptors. It has been proposed that the smaller 
form of the PRL receptor functions in ligand transport across 
epithelial barriers in liver rather than in signal transduction 
(65). By analogy the D7 isoform of the G-CSF receptor may 
serve to transport or sequester G-CSF in placental tissues. 
Alternatively, the two isoforms may differ in signal trans- 
duction properties, reflecting in part, the diverse biological 
effects of G-CSF. While the signal transduction mechanism 
of the G-CSF receptor is unclear, it is interesting that the 
25-1 receptor, unlike D7, does contain one potential C ki- 
nase phosphorylation site (46). Signal transduction may also 
be effected through a distinct subunit with which the ligand- 



1566 Cloning of a Human Granulocyte Colony-stimulating Factor Receptor 



G-CSF receptor complex interacts, as is found in the gpl30- 
Hr6 receptor system (67). Conceivably, this subunit may be 
gpl30 itself, and it is interesting, in this regard, that JL6 
and G-CSF show significant sequence homology (68), and 
their receptors share a similar domain composition (see below). 
Both G-CSF receptor cytoplasmic domains contain a high 
proportion of Pro and Ser residues, like those of many other 
HP receptor family members (44), the significance of which 
remains to be elucidated. The cytoplasmic sequence of these 
receptors may influence stability, cellular localization, or as- 
sociation with other membrane proteins. 

The extracellular region of the G-CSF receptor consists 
of three distinct regions of homology to other cell surface 
proteins: (a) a ~90 residue NHrterminal Ig-like region, (b) 
a ~200 residue HP receptor superfamily-defuiing region, and 
(c) ~300 residues of three tandem FN3-liie repeats. Consis- 
tent with the proposal of Patthy (62), the COOH-terminal 
100 residue segment of the HP receptor family-defining re- 
gion of the G-CSF receptor appears to be an FN3-like do- 
main, albeit one with an elevated Trp and Cys content that 
is unique among FN3 repeats. Since many protein domains 
are ~ 100 residues b length, it is likely that the NHrter- 
minal "cysteine-rich" or double-loop region of the HP receptor- 
defining region is, like the WSXWS<ontaining FN3 element, 
a discrete structural domain. Thus, the structure of the G-CSF 
receptor extracellular region can be resolved into the 6 do- 
mains of MOO residues each shown schematically in Fig. 5. 
By this analysis, the G-CSF receptor appears to be a mosaic 
of four types of domains, two found associated only in HP 
receptors (double-loop and WSXWS-FN3) and two found 
together in NCAMs (NHrterminal Ig and membrane- 
proximal FN3s). Given the likelihood that the Ig superfamily 
molecules of the immune system arose from NCAM-like an- 
cestors (48), it is tempting to speculate that the G-CSF receptor 
retains the domain structure of an early intermediate in the 
evolution of the HP receptor superfamily from these same 
ancestors. Successive deletion of the terminal extracellular do- 
mains of a G-CSF receptor-like molecule could thus yield 
all known HP receptor domain structures; deletion of the 
three FN3 domains yields an TL6 receptor-like structure, and 
further deletion of the Ig domain leads to the core domain 
structure of most HP receptors, which is duplicated in the 
case of the IL-3 receptor. Key to such a proposal is determina- 
tion of the origin of the cysteine-rich or double-loop domain, 
thus far a unique domain feature found only in the HP 
receptors, but which, like the Ig and FN3 domains, may also 
have arisen from a domain in some NCAM-like ancestor. 

The function of these structural domains in the G-CSF 
receptor is unclear. The HP receptor family-defining region, 
which comprises the entire extracellular region of many of 




NCAM G-CSF Rc IL-6 Rc IL-3 Re ConMnsu* 

HP Rc 

Figure 5. Schematic representation of the nominal structure of hema- 
topoietic receptors and a typical neural cell adhesion molecule. Ig-like do- 
mains are shown as large loops. FN3 domains are shown as rectangular 
boxes. The cysteine-rich, double-loop domains of HP receptor family- 
denning regions are shown as a pair of small loops, to represent the <K«n1fiA» 
pairing determined for human growth hormone receptor (61). The FN -3 
like domain of HP receptor family-defining regions is designated as a 
rectangular box crossed by a heavy bar representing the W5XWS motif 
Sequences represented are rat NCAM (reference 79 as drawn in 56), EL-6 
receptor (57), and IL3 receptor (53). 

these receptors, presumably contains the ligand binding site 
of the G-CSF receptor. The Ig and extra FN3-like domains 
of the G-CSF receptor may confer additional activities to this 
receptor, similar to the complex functions recognized for these 
domains in other cell surface molecules. These generally ap- 
pear to involve participation in some form of cell recognition 
or adhesion. Both types of domains are capable of homo- 
typic and heterotypic interactions (48, 69) that might lead 
to receptor self-association or binding to other proteins. Specific 
functions have been attributed to some type III repeats of 
fibronectin, including the binding of cells and heparin (70, 
71) and heparin binding activity is also a property of at least 
one neural cell adhesion molecule (72). The potential for simul- 
taneous recognition of heparin and G-CSF by the G-CSF 
receptor would have interesting functional implications, es- 
pecially in light of the affinity of the heparin component of 
extracellular matrix for CSFs (73, 74). The particular response 
of a cell to G-CSF could thus depend on its adherence or 
that of G-CSF to the extracellular matrix. Alternatively it 
could allow G-CSF to mediate or specify interactions between 
cells and matrix, thus, directing margination or chemotaxis. 
The cloning of the human G-CSF receptor will provide re- 
agents useful in the further elucidation of the biological roles 
of G-CSF and may allow development of new diagnostic or 
therapeutic agents. 
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Communicated by CWeissmann 

The granulocyte colony-stimulating factor (G-CSF) 
receptor has a composite structure consisting of an 
immunoglobulin(Ig)-like domain, a cytokine receptor- 
homologous (CRH) domain and three fibronectin type 
III (FNIII) domains in the extracellular region. 
Introduction of G-CSF receptor cDNA into 
IL-3-dependent murine myeloid cell line FDC-P1 and 
pro-B cell line BAF-B03, which normally do not respond 
to G-CSF, enabled them to proliferate in response to G- 
CSF. On the other hand, expression of the G-CSF 
receptor cDNA in the IL-2-dependent T cell line CTLL-2 
did not enable it to grow in response to G-CSF, although 
G-CSF could transiently stimulate DNA synthesis. 
Mutational analyses of the G-CSF receptor in FDC-P1 
cells indicated that the N-terminal half of the CRH 
domain was essential for the recognition of G-CSF, but 
the Ig-like, FNIII and cytoplasmic domains were not. The 
CRH domain and a portion of the cytoplasmic domain 
of about 100 amino acids in length were indispensable 
for transduction of the G-CSF-triggered growth signal. 
Key words: cytokine receptor family/granulocyte colony- 
stimulating factor/hemopoietic cells/signal transduction 



Introduction 

The proliferation and differentiation of hemopoietic cells such 
as granulocytes, macrophages, T cells and B cells are 
regulated by a family of cytokines including colony- 
stimulating factors (CSFs) and interleukins (ILs) (reviewed 
in Metcalf, 1989). Granulocyte colony-stimulating factor (G- 
CSF) is a glycoprotein of 174 (human G-CSF) or 178 
(murine G-CSF) amino acids, and specifically stimulates 
colony formation of neutrophilic granulocytes from bone 
marrow cells (Nagata et al , 1986a,b; Tsuchiya et al , 1986). 
G-CSF also stimulates proliferation of murine and human 
myeloid leukemia cells such as NFS-60 (Weinstein et al , 
1986), AML-193 (Santoli etal, 1987) and OCI/AML 1 
(Nara ex al, 1990) cells, while murine WEHI-3B D + and 
32DC13 cells can be induced by G-CSF to differentiate into 
granulocytes or monocytes (reviewed in Nicola, 1989; 
Nagata, 1990). G-CSF produced by stroma cells in bone 
marrow seems to play an essential role in maintaining the 
number of neutrophilic granulocytes in peripheral blood. G- 
CSF is produced also by macrophages stimulated with 
endotoxins (Metcalf and Nicola, 1985; Nishizawa and 
Nagata, 1990), and by fibroblasts or endothelial cells treated 
with TNF-a or IL-1 (Seelentag et al ,1987; Koeffler et al , 



1988). The G-CSF thus accumulated in blood appears to be 
responsible for granulocytosis during the inflammatory 
process. Since administration of G-CSF to animals caused 
a marked granulopoiesis (Tsuchiya etal, 1987), the 
substance is currently under clinical trials for patients 
suffering from granulopenia (Morstyn etal, 1989). 

Despite the biological importance of G-CSF, its 
mechanism of signal transduction has not been elucidated. 
A single class of high affinity receptor for G-CSF 
[dissociation constant (K d ) = 100 -500 pM] is present on 
the precursor and mature cells of neutrophilic granulocytes 
as well as myeloid leukemia cells (Nicola and Peterson, 
1986; Park etal, 1989; Fukunaga etal, 1990b). 
Purification of the G-CSF receptor from mouse myeloid 
leukemia NFS-60 cells has indicated that the receptor has 
an M r of 100 000- 130 000, and the monomeric form of 
this protein binds G-CSF with a low affinity (K d = 
2.6-4.2 nM), while its oligomeric forms show high affinity 
binding to G-CSF (K d = 120-360 pM) (Fukunaga et al, 
1990b). Recendy, we have isolated the cDNAs for murine 
(Fukunaga etal, 1990a) and human G-CSF receptors 
(Fukunaga etal, 1990c); expression of these receptor 
cDNAs in monkey COS cells gave rise to proteins which 
specifically bound G-CSF with a high affinity, suggesting 
that the single polypeptide encoded by the cDNA is sufficient 
to constitute the high affinity binding site for G-CSF. 

Murine and human G-CSF receptors consist of 812 and 
813 amino acids, respectively, and contain a single 
transmembrane domain (Fukunaga etal, 1990a,c). In 
agreement with the fact that G-CSF has no species specificity 
between human and mouse, the amino acid sequences of 
human and murine G-CSF receptors have a considerable 
similarity (62.5% identity) (Fukunaga et al , 1990c)! In the 
extracellular domain ( ~ 600 amino acids) of the G-CSF 
receptor, there is a region of - 200 amino acids which shows 
significant homology to the receptors for IL-3-7, 
erythropoietin and GM-CSF, and the 0-chain for the IL-2 
receptor (Bazan, 1990a). In the case of the G-CSF receptor, 
this region (referred to as the cytokine receptor-homologous 
domain or CRH domain) is followed by a domain ( - 300 
amino acids) consisting of three fibronectin type III (FNIII) 
modules, which is homologous to chicken contactin 
(Fukunaga et al , 1990a). The cytoplasmic region of the G- 
CSF receptor has a limited similarity to that of die IL-4 
receptor (Mosley et al , 1989), and like other members of 
the cytokine receptor family, the region does not appear to 
contain the domain with kinase or other enzymatic activity. 
Very recendy, the human cDNA for the IL-6 signal 
transducer, gpl30, was isolated (Hibi etal, 1990). The 
overall structure of gpl30 is remarkably similar to that of 
the G-CSF receptor, and the similarity of human G-CSF 
receptor and gpl30 is 46.3% on the amino acid sequence 
level, when conservative substitutions are included. 

In order to investigate the role of the G-CSF receptor in 
the G-CSF-dependent signal transduction, we have expressed 
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the G-CSF receptor cDNA in various hematopoietic cell lines 
using a promoter of human elongation factor la gene. The 
G-CSF receptor could function as a transducer for the G- 
CSF-triggered growth signal in IL-3-dependent FDC-P1 and 
BAF-B03 cells, but not in lL-2-dependent CTLL-2 cells. 
Utilizing this expression system, we have identified the 
functional domains of the G-CSF receptor. 

Results 

Establishment of cell lines expressing the G-CSF 
receptor 

Mouse myeloid precursor cell line FDC-P1 and pro-B cell 
line BAF-B03 require IL-3 for their growth, whereas the 



growth of murine cytotoxic T cell line CTLL-2 is stricdy 
dependent on IL-2. In order to examine whether the cloned 
G-CSF receptor can transduce the G-CSF-triggered signal 
in these cells, we have established transformed cell lines 
expressing the G-CSF receptor cDNA. For this purpose, we 
took advantage of a recently constructed mammalian 
expression vector, pEF-BOS, which utilizes a constitutive 
promoter of the human polypeptide chain elongation factor 
la (EF-la) gene (Uetsuki et a/., 1989), and which works 
very efficiently in various cell lines (Mizushima and Nagata, 
1990). The pEF-BOS plasmid harboring a murine G-CSF 
receptor cDNA (pI62) (Fukunaga et aL, 1990a) or human 
G-CSF receptor cDNA (pHQ3) (Fukunaga et al. , 1990c) 
was transfected into FDC-P1, BAF-B03 and CTLL-2 cells, 
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Fig. 1. Expression of mouse and human G-CSF receptor in hemopoietic cell lines. (A) G-CSF binding characteristics in transformant clones, (a) 
Saturation binding of ( l25 I]G-CSF to transformant clones expressing mouse G-CSF receptor cDNA. The transformants derived from FDC-P1, BAF- 
B03 and CTLL-2 were designated FD62, BA62 and CT62, respectively. 2.5 x 10 6 cells/ml were incubated for 3 h at 4°C with various amounts of 
[ ,25 I]G-CSF. The specific binding of [ 125 I]G-CSF to FD62-26 (•). BA62-11 (A) or CT62-12 (■) was determined as the difference between total 
binding and non-specific binding which was measured in the presence of 500 nM unlabeled G-CSF. (b) Scatchard plot of G-CSF binding data shown 
in (a). (B) Immunoblotting of mouse G-CSF receptor with anti-MR9 serum. Cell lysates prepared from parental cell lines, their transformant clones 
and NFS-60 were analyzed by immunoblotting with an anti-mouse G-CSF receptor serum (anti-MR9) as described in Materials and methods. As size 
markers, l4 C-labeled molecular weight standards (rainbow marker. Amersham) were electrophoresed in parallel ('Marker* lane). The positions of the 
mature and less glycosylated G-CSF receptors are indicated by solid and open arrowheads, respectively. (C) Chemical cross-linking of the mouse and 
human G-CSF receptors with radio iodinated G-CSF. NFS-60, FDC-P1 and transformed cell clones (2xl0 7 cells/ml) expressing mouse (FD62-26, 
BA62-11 and CT62-12) or human (FD3-25, BA3-14 and CT3-3) G-CSF receptor cDNA were incubated for 3 h at 4°C with 500 pM ( ,25 I]G-CSF 
and chemically cross-linked with disuccinimidyl suberate and disuccinimidyl tartarate as previously described (Fukunaga et a/., 1990b). The cell 
lysate (50 /ig protein) was analyzed by SDS-PAGE, and the gel was dried and exposed to X-ray film. 
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together with a plasmid carrying the neomycin resistance 
gene. G418-resistant transformants were tested for the ability 
to bind [ 125 I]G-CSF, and several independent clones were 
isolated after limiting dilution from the binding-positive 
transformants. 

The properties of the G-CSF binding to these stable 
transformants were first examined. The parental FDC-P1, 
BAF-B03 and CTLL-2 cells did not bind G-CSF (data not 
shown). On the other hand, the cell clones of FD62, BA62 
and CT62, transformed with the mouse G-CSF receptor 
cDNA, bound G-CSF with high affinities (A" d = 1 10, 70 
and 200 pM, respectively) (Figure 1 A). The numbers of the 
G-CSF receptor expressed in clones of FD62 and BA62 were 
constantly 4000- 15 000 sites per cell, while clones of C- 
T62 expressed the mouse G-CSF receptor in the range 20 
000 - 30 000 sites per cell. The transformants with the human 
G-CSF receptor cDNA (FD3, BA3 and CT3 cells) also 
expressed only a high affinity G-CSF receptor (K d = 
170-300 pM) at 2400-20 000 sites per cell (data not 
shown). These K 6 values are consistent with our previous 
results obtained with COS cells (Fukunaga et ai , 1990a,c) 
and confirm that the single polypeptide coded by the cloned 
G-CSF receptor cDNA is sufficient to constitute a high 
affinity binding site for G-CSF. 

For the immunological detection of the G-CSF receptor, 
two proteins containing a portion of the extracellular domain 
(MR1 , amino acids 36-326) or cytoplasmic domain (MR9, 
amino acids 631 —812) of the mouse G-CSF receptor were 
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produced in Escherichia coli, and polyclonal antibodies 
against these proteins were prepared in rabbits. An 
immunoblot using anti-MR9 antiserum identified three 
molecular species varying in apparent molecular size 
(125-135 kDa, 105-110 kDa and 85-90 kDa) in the 
transformant clones as well as in mouse NFS-60 cells which 
express the endogenous G-CSF receptor (Figure IB). The 
bands detected at - 30 kDa in the transformant clones are 
probably degraded forms of the receptor. The 125-135 kDa 
species seems to be the mature, cell surface receptor because 
the cross-linking of the cell surface receptor with radioactive 
G-CSF gave only a ligand- receptor complex with an 
apparent M r of 150- 160 kDa (Figure 1C). The other two 
species are likely to be less glycosylated or non-glycosylated 
intermediates. The small difference in molecular sizes of the 
receptor (Figure IB and C) among the cell types could be 
due to difference in their glycosylation. Cross-linking 
experiments also confirmed that the transformant clones 
FD3-25, BA3-14 and CT3-3 expressed human G-CSF 
receptor (Figure 1C). We have often observed an additional 
cross-linked complex with higher molecular size in cells 
expressing a large number of G-CSF receptors (Figure 1C, 
indicated by an arrow). Since this complex has an M r of 
~ 300 kDa, it may represent the cross-linked dimer of the 
G-CSF receptor with which [ ,25 I]G-CSF was cross-linked. 
The immunoblot analysis sometimes showed a faint band 
at 125 - 135 kDa in the parental FDC-P1, BAF-B03 and C- 
TLL-2 cells (Figure IB). This band seems to be a non- 
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Fig. 2. G-CSF-dependent DNA synthesis of transformants expressing mouse or human G-CSF receptor cDNA. Parental cells and their transformed 
cell clones expressing mouse or human G-CSF receptor were cultured with 0-50 nM mouse G-CSF. and incorporation of ( 3 H]thymidine into cells 
was measured. The results are presented as the percentage of the maximum [ 3 H]thymidine incorporation observed with IL-3 (A, B and C) or IL-2 
(D) in the respective cells. (A and B) FDC-PI and its transformant clones expressing the mouse (A) or human (B) G-CSF receptor cDNA. (C) 
BAF-B03 and its transformant clones expressing mouse or human G-CSF receptor. (D) CTLL-2 and its transformant clones expressing mouse and 
human G-CSF receptor. 
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specific one because these cells neither bound G-CSF nor 
gave the cross-linked complex with [ I25 I]G-CSF 
(Figure 1C, data not shown). 

G-CSF receptor can transduce the growth signal in 
FD&P1 and BAF-B03 cells but not in CTLL-2 cells 
The effect of G-CSF on the growth properties of the 
transformants expressing the G-CSF receptor was then 
examined by [ 3 H]thymidine uptake assay. As shown in 
Figure 2, none of the parental cell lines responded to G-CSF, 
whereas transformants derived from FDC-P1 and BAF-B03 
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Fig. 3. G-CSF-dependent long-term growth of transformants 
expressing G-CSF receptor cDNA. Transformants growing in IL-3 or 
IL-2 were washed thoroughly and cultured at 5 x if/ cells/mJ in 
RPMI1640 containing 10% FCS and 500 pM mouse G-CSF. Cell 
numbers were counted daily and cell concentrations were kept less 
than 10 6 cells/ml by appropriate dilution with the same medium. 



responded to G-CSF in a concentration-dependent manner. 
In the FDC-P1 transformants, clones expressing murine G- 
CSF receptor (clones of FD62) responded slightly more 
efficiently than the clones expressing human G-CSF receptor 
(clones of FD3). The maximum [ 3 H]thymidine uptakes of 
FD62 and FD3 obtained at > 500 pM G-CSF were 70 - 80% 
and 50 -60%, respectively, of that observed with an excess 
of murine IL-3 (Figure 2 A and B). In BAF-B03 
transformants, human and murine G-CSF receptors were 
equally effective, and the maximum response obtained at 500 
pM of G-CSF was almost comparable to that observed with 
mouse recombinant IL-3 (Figure 2C). In accordance with 
the high responsiveness of these transformants to G-CSF, 
500 pM G-CSF could support the long-term growth of clones 
of FD62, FD3, BA62 and BA3 in the absence of IL-3 
(Figure 3). On the other hand, G-CSF stimulated very 
weakly the DNA synthesis of the CTLL-2 transformants 
(clones of CT62 and CT3) (Figure 2D). The response was 
<30% of that observed with an excess of IL-2, and this 
weak responsiveness was insufficient to support the long- 
term proliferation or survival of these cells in the absence 
of IL-2 (Figure 3). 

Construction and expression of cDNAs carrying 
various mutations in the subdomains of the G-CSF 
receptor 

As shown in Figure 4, the G-CSF receptor contains a single 
transmembrane region which divides the molecule into two 
regions, the extracellular and the cytoplasmic. The 
extracellular region can be further divided into five 
subdomains, an immunoglobulin(Ig)-like domain, a CRH 
domain and three FNIII domains, based on homology with 
other proteins (Fukunaga et a/., 1990a; Bazan 1990a) and 
the exon — intron organization of the G-CSF receptor gene 
(Y.Seto, R.Fukunaga and S.Nagata, unpublished results). 
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Fig. 4. Summary of mutational analysis of the G-CSF receptor. The extracellular domain of the G-CSF receptor is putatively divided into five 
subdomains, an Ig-like domain, a cytokine receptor-homologous (CRH) domain and three fibronectin type III (FNHI) domains (top). Four cysteine, 
residues and a WSXWS motif conserved in the CRH domain are also indicated. The deletion mutants of mouse G-CSF receptor (mutants A, E, P. 
X. C. W. G and Y) and three variants (variants 11,7 and 17), are shown schematically below the wild-type receptor. The portions deleted in the 
mutants are represented by the dotted tines and the number of amino acids deleted in each mutant is indicated. In all wild-type and mutant cDNAs. 
the coding region for the mature protein is preceded by an N-terminal signal sequence, which is not shown in the figure. The table at the right 
shows the G-CSF binding characteristics of the mutated receptor and their abilities to transduce the G-CSF- triggered growth signal. 
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In order to assign the functional domains of the G-CSF 
receptor, we have constructed a series of murine G-CSF 
receptor cDNAs which have various deletions in these 
subdomains. In the first set of deletion mutants (mutants A, 
E, P and X), the cytoplasmic region of the receptor was 
progressively deleted from the C-terminal end up to amino 
acid positions 754, 724, 653 and 630, respectively 
(Figure 4). For the extracellular region, four deletion 
mutants (C, W, G and Y) were constructed. In addition to 
these constructions, we have used as mutants variant 
receptors whose cDNAs were isolated from human and 
mouse cDNA libraries. The human G-CSF receptor variant 
(mutant 11) contains a 27 amino acid insertion between 
amino acid positions 657 and 658 in the cytoplasmic domain 
(Fukunaga et al. t 1990c), while murine variants carry the 
deletion of the C-terminal half of the third FNIII domain 
(mutant 7) or the C-terminal half of the CRH domain (mutant 
17) (Figure 4). These G-CSF receptor variants seem to be 
generated by alternative splicing of the precursor RNA 
(Y.Itoh, E.Ishizaka-Ikeda, Y.Seto, R. Fukunaga and 
S.Nagata, unpublished results). 

FDC-P1 cells were transformed with expression plasmids 
carrying the mutated cDNA as described above. Stable 
transformants expressing each mutant were isolated and 
designated FD-A, FD-E, FD-P and so forth. Expression of 
the mutated receptor in these transformants was first analyzed 
by immunoblot analysis using anti-MR9 antiserum. As 
shown in Figure 5A, the mature and less glycosylated 
receptor with molecular weights expected from the size of 
the deletion was observed in all transformant clones except 



for clones of FD-P and FD-X, which were transformed with 
mutants containing little or no part of the MR9 polypeptide. 
A relatively weak intensity observed in mutants A and E 
was also due to deletion of parts of the cytoplasmic domain. 
An immunoblot with anti-MRl antiserum recognizing a part 
of the extracellular domain of the mouse G-CSF receptor 
showed bands in transformant clones for all mutants except 
for the mutant W which had a deletion of the region 
recognized by anti-MRl serum (Figure 5B). Furthermore, 
as shown in Figure 5C, cross-linking with [ 125 I]G-CSF 
gave a complex of the expected size in all transformant clones 
which bind G-CSF with a high affinity (Figure 4). In 
contrast, no cross-linked complex was observed in clones 
FD-17 (Figure 5C, lane 6), FD-G, FD-W and FD-Y (data 
not shown) which have a low or undetectable affinity to G- 
CSF (Figure 4). Expression of a variant of the human G- 
CSF receptor in FD1 1-10 cells was confirmed by the cross- 
linking experiment (Figure 5C). These results indicate that 
all mutants of the G-CSF receptor were expressed in the 
transformants, although the expression levels of mutants C, 
7 and G, which have deletions in the FNIII or Ig-like domain, 
were relatively low in all clones so far tested (Figures 4 
and 5). 

The CRH domain is responsible for binding of G-CSF 
Using the FDC-P1 transformants expressing the mutated G- 
CSF receptor, we have located the region of the receptor 
essential for binding of the ligand. Typical Scatchard plots 
of the G-CSF binding data with these transformants are 
shown in Figure 6, and summarized in Figure 4. The mutant 
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Fig. 5. Expression of G-CSF receptor mutants in FDC-P1 transformants. (A and B) Cell lysates of FDC-P1 -derived transformants expressing wild- 
type or mutant cDNA of mouse G-CSF receptor were analyzed by immunob lotting with the anti-MR9 antiserum (A), or anti-MRl antiserum (B) as 
described in Figure IB. (C) The wild-type and mutant G-CSF receptors expressed in FDC-P1 transformants were cross-linked with f 125 I]G-CSF and 
analyzed as described in Figure 1C. The cell lysate of 50 /ig (lanes 1 -5), 200 fig (lanes 6-8) or 100 fig (lanes 9 and 10) protein was 
electrophoresed. 
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X, containing only five amino acids in the cytoplasmic 
region, as well as mutants A, E, P and 11, could bind G- 
CSF with the same affinity as the wild-type receptor (A" d ~ 
200 pM). These results indicate that the truncations or 
mutations in the cytoplasmic region do not affect the 
extracellular binding of G-CSF to the receptor. 

Two mutants containing deletions in the FN1E domains 
(mutants 7 and C) could bind G-CSF with high affinities, 
although mutant C showed slightly lower affinity (K 6 = 
480 pM) than the wild-type receptor. On the other hand, 
mutant 17, which lacks the C-terminal 108 amino acids of 
the CRH domain, and mutant G, which lacks the Ig-like 
domain, bound G-CSF with -50- and 20-fold higher K 6 
values (K d — 11.0 and 3.7 nM), respectively, than the 
wild-type receptor (Figures 4 and 6). The deletion either in 
the N-terrninal half or in the entire region of the CRH domain 
(mutants Y and W) resulted in total inability to bind G-CSF. 
These results indicate that the N-terminal region of the CRH 
domain plays an essential role in the binding of G-CSF. 

The CRH domain and part of the cytoplasmic region 
are necessary for signal transduction 

We have then examined whether mutated G-CSF receptors 
are able to transduce the G-CSF-triggered growth signal into 
cells. Figure 7A shows the G-CSF dependent [ 3 H]thymid- 
ine uptake of the transformants expressing the mutated G- 
CSF receptor. Clones of FD-A and FD-E responded to G- 
CSF in a concentration-dependent manner, although the 
maximum response of FD-E clones was lower than that 
obtained with the wild-type G-CSF receptor. Clones of FD-A 
and FD-E could be maintained in the medium containing 
G-CSF instead of IL-3 (Figure 7B). On the other hand, G- 
CSF neither stimulated the DNA synthesis of FD-P and FD- 
X clones nor supported their long-term growth (Figure 7 A 
and B). These results suggest that the 99 amino acid portion 
from position 626 to 724 in the cytoplasmic region is essential 
for transduction of the G-CSF-triggered growth signal into 
FDC-P1 cells. FD1 1 clones expressing the molecule which 
contains a 27 amino acid insertion responded weakly to G- 
CSF, and were able to grow slowly in the medium containing 
G-CSF. 

G-CSF weakly stimulated [ 3 H]thymidine uptake of FD-7, 
FD-C and FD-G clones (Figure 7A) and these clones could 
be maintained in the medium containing G-CSF (Figure 7B), 
suggesting that neither Ig-like nor FNIII domains are 
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Fig. 6. Scatchard analysis of mutant G-CSF receptors expressed in 
FDC-P1 transformants. Cells of transformants FD-X1I (2.5 x If/ 
ceils/ml), FD-C 10. FD7-3. FD17-4 (10 7 cells/ml) and FD-G5 
(2.7 xlO 7 cells/mJ) were incubated with various concentrations of 
[ l25 IJG-CSF for 3 h at 4°C and specific binding was determined as 
described in Figure I A. 



involved directly in signal transduction. As expected from 
the total inability of the mutants W and Y to bind G-CSF, 
these receptors could not respond to G-CSF at all. It may 
be noteworthy that a weak [ 3 H]thymidine uptake 
independent of G-CSF and IL-3 was observed in some clones 
of FD-C, FD-G and FD-Y cells (Figure 7A). Interestingly, 
mutant 17, which contained a deletion in the C-terminal half 
of the CRH domain, was completely inactive in signal 
transduction even in the presence of 50 nM G-CSF 
(Figure 7A), which should be sufficient for the binding of 
G-CSF to this mutant (Figures 4 and 6). These results suggest 
that the CRH domain of the receptor plays an essential role 
in signal transduction by G-CSF. 



Discussion 

G-CSF receptor is able to function as a growth signal 
transducer in IL-3-dependent cells but not in 
IL-2-dependent cells 

To explore the signal transduction mechanism of the newly 
identified cytokine receptor family (Bazan, 1990b), it is 
essential to introduce the receptor cDNAs into various cells, 
especially hemopoietic cells. However, the expression of 
cDNA in hemopoietic cells is not an easy task. In this report, 
we have successfully used the promoter of human EF-la 
gene to express the G-CSF receptor cDNA in various 
hemopoietic cell lines (Figure 1). The expression level of 
the G-CSF receptor driven by the EF-la promoter in murine 
FDC-P1 cells was ~ 100 times greater than that driven by 
a CMV promoter (unblished observation). 

Expression of the G-CSF receptor in IL-3-dependent FDC- 
Pl or BAF-B03 cells enables these cells to grow in response 
to G-CSF (Figures 2 and 3). These results clearly indicate 
that the G-CSF receptor encoded by the cloned cDNA is 
sufficient to transduce the growth signal into cells, and 
suggest the presence of a common signal transducing 
pathway for the IL-3 and G-CSF systems. Introduction of 
protein kinases such as v-src, v-abl and v-fms into 
IL-3-dependent cells abrogated the dependence of cells on 
IL-3 (Cleveland et al., 1989). Stimulation of cells with IL-3 
induces the phosphorylation of tyrosine residues in a set of 
proteins, suggesting that some tyrosine kinase is involved 
in signal transduction by IL-3 (Koyasu et al. , 1987; Isfort 
et al, 1988). Recently, Isfort and Ihle (1990) have shown 
that IL-3 and G-CSF stimulate tyrosine phosphorylation of 
the same protein (pp56) in NFS-60 cells. It is possible that 
the pp56 protein is one of the signal transducing molecules 
common in IL-3 and G-CSF systems. 

Hatakeyama et al. (1989b) introduced the cDNA for the 
0-chain of IL-2 receptor into IL-3-dependent BAF-B03 cells. 
Since the BAF-B03 cells expressing IL-2 receptor could 
grow in the presence of IL-2, these authors postulated 
common signal transduction pathways in the IL-2 and IL-3 
systems. However, G-CSF did not support the growth of 
the IL-2-dependent CTLL-2 cells transformed with the G- 
CSF receptor cDNA, though these cells expressed the high 
affinity G-CSF receptor in a large amount (Figure 1). These 
results may suggest that the signal transducing pathways 
downstream of the receptor are similar but different in the 
G-CSF and IL-2 systems, and that CTLL-2 cells are deficient 
in some components which are. necessary for G-CSF- 
triggered signal transduction. 
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Homodimer and heterodimer of the cytokine receptor 
As shown in Figure 8, recent analyses on the structure of 
cytokine receptors and reconstitution of the receptors using 
their respective cDNAs have revealed that the receptors for 
IL-6, IL-2 and GM-CSF consist of two different subunits 
(Hatakeyama etaL, 1989a; Hibi etai, 1990; Hayashida 
et al. , 1990). The a-chain of each receptor binds its ligand 
with low affinity, and the second chain (0-chain) is necessary 
for formation of the high affinity binding site and for 



transduction of the signal. In contrast, the single polypeptide 
of the G-CSF receptor constituted a high affinity binding 
site for G-CSF, not only in hemopoietic cells (Figure 1A) 
but also in epithelial cells such as COS cells (Fukunaga et al. , 
1990a,c) and C127I cells (unpublished observation). 
Previously t we have shown that the monomer of the purified 
G-CSF receptor has a low affinity for G-CSF, whereas its 
dimer or oligomer constitutes a high affinity binding site for 
G-CSF (Fukunaga et al. , 1990b). Since the dissociation 
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Fig. 7. G-CSF-dependent growth of trans formants expressing mutant G-CSF receptor. (A) G-CSF-dependent [ 3 H] thymidine incorporation into cells. 
[ 3 H]thymidine incorporation was measured with several independent clones of individual FDC-P1 transformants expressing the mutant receptor as 
described in Figure 2. (B) G-CSF-dependent long-term proliferation of the transformants expressing mutant G-CSF receptor. Increase in cell number 
of FDC-P1 iransformams expressing the mutant receptor in the presence of 20 nM (for FD-G transformant) or 500 pM (for other transformants) G- 
CSF was counted as described in Figure 3. Dotted lines indicate the growth curve of FD-X11 and FD-W7 cells in the presence of IL-3. 
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Fig. 8. Schematic representation of homo- and hcterodimeric structures of functional, high affinity receptors for G-CSF, GM-CSF, IL-2 and IL-6. 
The CRH domains containing the conserved cysteine residues (thin bars) and the *WSXWS* motif (thick bar) are indicated by shaded boxes. The 
gpl30 protein (the /3-chain of the IL-6 receptor) shows remarkable homology with the G-CSF receptor except for a C-terminal part of the 
cytoplasmic domain. The numbers indicate the percentage of identical amino acids in each subdomain. The numbers in parentheses show the 
percentage of homology including the conservative substitutions. 



constant observed in intact cells is similar to that obtained 
with the dimer of the purified G-CSF receptor, it is likely 
that the G-CSF receptor exists as a dimer on the cell surface. 
Indeed, the cross-linking of the receptor with [ I25 I]G-CSF 
suggested the existence of a dimer of the receptor 
(Figure 1C). Availability of the antibody against the G-CSF 
receptor will make it possible to clarify the mechanism of 
the receptor dimerization in more detail. 

Ligand binding domain of G-CSF receptor 

Since the IL-4, IL-7 and erythropoietin receptors and the 
£?-chain for the IL-2 receptor contain only the CRH domain 
in the extracellular region, it was postulated that this domain 
is involved in binding of the ligand (Bazan, 1990b). The 
present study using deletion mutants of the G-CSF receptor 
agrees with the above hypothesis. The receptor deleted in 
the C-terminal half of the CRH domain (mutant 17) could 
bind G-CSF with low affinity, while the mutants lacking the 
N-terminal region of the CRH domain (mutants W and Y) 
completely lacked the ability to bind G-CSF, suggesting that 
the N-terminal half containing the four conserved cysteine 
residues is indispensable for binding the ligand. Recently, 
Bass et al. (1991) have also shown that the hormone binding 
determinants of the growth hormone receptor is in the 
cysteine-rich region of the CRH domain. 

The fact that mutants G and 17 bound G-CSF with low 
affinities suggests that the Ig-like domain and/or the C- 
terminal portion of the CRH domain may participate in the 
recognition of G-CSF, although it is possible that deletions 
in these domains simply caused some steric hindrance or 
conformational change in the ligand-binding site. An 
alternative possibility is that these domains are responsible 
for dimerization of the G-CSF receptor. The latter possibility 
may explain why these mutants showed low affinity binding 
to G-CSF with K 6 values (3.7 and 1 1 nM) similar to those 
observed with the monomeric protein of the purified G-CSF 



receptor (2.6-4.2 nM, Fukunaga era/., 1990b). No 
cytokines showed a significant homology to G-CSF except 
for IL-6, which has a limited similarity to G-CSF (Nagata, 
1990). Nevertheless, the CRH domain, which is the ligand- 
binding domain of the cytokine receptor molecule, showed 
a significant homology among these cytokines (Bazan, 
1990b). Bazan (1990a) has recently proposed, based on the 
extrapolation from their primary structures, that these 
cytokines may have similar tertiary structure. Detailed 
mutational analysis of the ligand and the CRH domain, as 
carried out with growth hormone (Cunningham and Wells, 
1989; Bass et al , 1991), may reveal the mechanism through 
which different cytokines specifically recognize their own 
receptor. 

Signal transducing domain of the G-CSF receptor 

In the two mutants showing low affinity binding to G-CSF, 
the mutant G could respond to high concentrations of G- 
CSF, whereas the mutant 17 was totally inactive (Figures 
4, 6 and 7). This result suggests that the C-terminal region 
of the CRH domain is indispensable for the signal 
transduction triggered by G-CSF. This C-terminal region, 
which contains the 'WSXWS' motif, may play a role in 
transducing some conformational change induced by the 
binding of G-CSF across the membrane to the cytoplasmic 
domain of the molecule. Alternatively, if the region deleted 
in the mutant 17 is involved in the formation of the dimeric 
receptor as discussed above, this result may imply that 
dimerization of the G-CSF receptor has a significance in 
signal transduction, as suggested in the cases of PDGF and 
EGF receptors (Heldin et al, 1989; Bishayee et a/., 1989; 
Spaargaren etai, 1991). In the [ 3 H]thymidine incorpor- 
ation assay, the transformants expressing mutants G, C and 
7 responded weakly to G-CSF (Figure 7A) but were able 
to grow slowly in the presence of G-CSF (Figure 7B). The 
Ig-like and FNIII domains, therefore, do not seem to play 
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Fig. 9. The amino acid sequences conserved in the cytoplasmic 
domains of the G-CSF receptor and the /3 -chain (gp!30) of the IL-6 
receptor. The amino acid sequences of the corresponding regions of 
murine G-CSF receptor (mGCSFR, Fukunaga et ai , 1990a), human 
G-CSF receptor (hGCSFR, Fukunaga et al., 1990c) and the 0-chain of 
human IL-6 receptor (gpl30) (hIL6R0, Hibi et ai, 1990) are aligned. 
The amino acid sequence of the Box 1 region of murine IL-3 receptor 
(Itoh et ai, 1990), the 0-chain of human GM-CSFR (Hayashida et ai, 
1990), the j3-chain of human IL-2 receptor (Hatakeyama et ai., 
1989a). human IL-7 receptor (Goodwin et ai, 1990), \-mpt (Souyri 
et ai , 1990), murine IL-4 receptor (Mosley et ai, 1989) and murine 
erythropoietin receptor (D'Andrea et ai, 1989) are also shown. 

essential roles in signal transduction. Binding experiments 
using [ I25 I]G-CSF and Western blotting analysis have 
indicated that the numbers of the receptor expressed in these 
cells are lower than those in cells expressing the wild-type 
receptor (Figures 4 and 5). These results suggest that deletion 
of the FNIE domains may render the molecule unstable. The 
low response of these cells to G-CSF may be partly due to 
the poor expression of these mutant proteins. 

The progressive deletion of the cytoplasmic region of the 
G-CSF receptor identified a region of 99 amino acids 
(positions 626—724) which seems to be essential for signal 
transduction by G-CSF in FDC-P1 cells. This region may 
constitute a domain of an unknown enzyme activity or 
associate with other molecules which transduce the signal. 
Previously, we have noticed that the cytoplasmic region of 
the G-CSF receptor has a similarity to that of the IL-4 
receptor (Fukunaga et ai , 1990a). However, the homology 
between the cytoplasmic regions of the G-CSF receptor and 
the newly isolated gpl30 (the 0-chain) of the IL-6 receptor 
(Hibi et ai, 1990) is much more pronounced (Figure 8). 
As shown in Figure 9, three stretches of amino acid 
sequences (Boxes 1-3) are highly conserved between the 
G-CSF receptor and gp!30, and two of the sequences (Boxes 
1 and 2) are in the region which is critical for the signal 
transduction of the G-CSF receptor. IL-6 works on various 
cells including B cells, T cells and myeloid cells, and the 
gpl30 seems to be responsible for the signal transduction 
triggered by IL-6 (Hibi et al. , 1990). The conserved region 
identified above may also be involved in signal transduction 
through the gpl30 in the IL-6 system. In this regard, it may 
be noteworthy that the sequences similar to 'Box V can be 
found in the cytoplasmic region of receptors for IL-3, GM- 
CSF, IL-2, IL-7, IL-4 and erythropoietin, and in a recently 
identified oncogene \-mpl (Figure 9). In addition to the 
stimulation of cell proliferation, G-CSF and IL-6 have an 



ability to induce cells to differentiate. Whether or not the 
region involved in transducing the differentiation signal is 
identical to the region for the growth signal remains to be 
studied. 

Materials and methods 

Ceils and ceil culture 

Murine myeloid leukemia cell lines, NFS-60 cells (Weinstein et ai , 1986) 
and FDC-P1 cells (Dexter et ai . 1980) were kindly provided by Dr J.N.Dile 
(St Jude Children's Research Hospital). Mouse pro-B cell line, BAF-B03 
(Hatakeyama et ai , 1989b) and mouse cytotoxic T cell line, CTLL-2 (ATCC 
TIB 214) were provided by Drs M. Hatakeyama and TTaniguchi (Institute 
for Molecular and Cellular Biology. Osaka University). NFS-60. FDC-P1 
and BAF-B03 cells were maintained in RPMI1640 medium supplemented 
with 10% fetal calf serum (FCS, Hyclone) and 10-20 U/ml of recombinant 
mouse IL-3 (Fukunaga et ai, 1990b). CTLL-2 cells were grown in 
RPMI1640 medium containing 10% FCS and 10 ng/ml recombinant human 
IL-2 which was kindly provided by Dr H.Matsui (Ajinomoto Co., Tokyo). 

Plasmid construction 

Plasmid pI62 carrying the full length cDNA for mouse G-CSF receptor 
in CDM8 vector has been described previously (Fukunaga et ai., 1990a). 
Two variant cDNAs, pGl 7 and pFl . were obtained from the NFS-60 cDNA 
library (Fukunaga et ai , 1990a) by colony hybridization with the cDNA 
of pI62 as a probe, and will be described elsewhere in detail. The Xbal 
cDNA fragment was excised from pI62. pG17 and pFl, and inserted into 
the Xbal site of a mammalian expression vector pEF-BOS (Mizushima and 
Nagata, 1990) to produce pBOS-162 (wild-Type receptor), pBOS-G17 (variant 
17) and pBOS-JF7 (variant 7). The expression plasmid for the wild-type 
human G-CSF receptor (pHQ3) and its variant 11 (pQWll) has been 
described previously (Fukunaga etai. 1990c). 

For the construction of mutants containing the deletion in the cytoplasmic 
domain of mouse G-CSF receptor, pI62 was digested with either Xmnl (at 
2140), BspHl (at 2209), BstEU (at 2421) or Apal (at 2516), and if necessary, 
ends were blunted with the Klenow fragment of E. coli DNA polymerase 
I or T4 DNA polymerase. An Xbal linker (CTCTAGAG), which allows 
the addition of a leucine residue followed by an in-frame termination codon. 
was ligated to the blunt-ended DNA and digested with Xbal The Xbal 
fragments containing the G-CSF receptor cDNA were then inserted into 
pEF-BOS to generate pBOSdXmn (mutant X), pBOSdBsp (mutant P), 
pBOSdBstE (mutant E), and pBOSdApa (mutant A). 

To construct pBOSdWS (mutant W). pBOS-162 was digested with Kpnl 
(at 1829) and Bgill (at 358), and the BgM-Kpnl DNA fragment derived 
from the cDNA was digested with Xholl (at 1223 and 1288). The 
Xholl-Kpnl DNA fragment was separated using agarose gel electrophoresis 
and inserted into pBOS-162, which was digested with Kpnl (at 1829) and 
partially digested with Bgftl (at 358). For the construction of pBOSdCON 
(mutant C), pI62 was digested with £coT22I (at 1 106) and BspHl (at 2209), 
and the EcoTlZl- BspHl cDNA fragment was digested with Xholl (at 1223. 
1288 and 2045). The 1 17 bp EcoT22l-Xholi and the 164 bp Xholl-BspHl 
DNA fragments were then ligated with pI62 digested with £coT22I and 
BspHl. The Xbal DNA fragment of the resultant plasmid was inserted into 
pEF-BOS to produce pBOSdCON. To construct pBOSdlg (mutant G), the 
cDNA fragment of pI62 was digested with Taql (at 265, 838 and 2000), 
treated with Klenow fragment and digested with Hindlll (at 162) to yield 
a 103 bp //f/idIH-7a<7l(blunt) fragment. In addition to this fragment, the 
cDNA fragment of pI62 was digested with Tthl 1 II (at 297, 501 and 1938). 
blunt-ended and digested with Kpnl (at 1829). The 103 bp 
Hindlll - Taql(b\unt) fragment and the 1 . 33 kb Tthl I \ I(blunt) - Kpnl 
fragment were ligated together with a 6.3 kb HindSl — Kpnl fragment, which 
was prepared by digestion of pBOS-162 with Kpnl (at 1829) and Hindlll 
(partially at 162) to produce pBOSdlg. To construct pBOSdICy (mutant 
Y). the cDNA fragment of pI62 was digested with Taq\ (at 265, 838 and 
2000), Hindlll (at 162) and Kpnl (at 1829); the 103 bp rYmdlll-Td^l 
fragment and 991 bp Taql- Kpnl fragment were then ligated with the 6.3 kb 
Hindlll -Kpnl fragment described above. All constructions were confirmed 
by restriction enzyme mapping and DNA sequencing analysis. 

Transfection of DNA 

Cells were transfected with plasmid DNAs by electroporation (Porter et ai , 
1984). The electroporation was carried out using Gene Pulser (BioRad) 
essentially according to the manufacturer's instructions. In brief. 8xlC/ 
cells were suspended in 0.8 ml of phosphate-buffered sucrose [7 mM sodium 
phosphate buffer (pH 7.4). 270 mM sucrose and 1 mM MgCI 3 ]. Eighty 
micrograms of the G-CSF receptor expression plasmid which had been 



2863 



R.Fukunaga et at. 



linearized by digestion with ApaLl, and 2 fig of XM-digested pSTneoB 
(Katoh et al. , 1987) were added to the cell suspension, which was incubated 
on ice for 10 min. Cells were exposed to a 350 V pulse with a capacitance 
of 25 /iF, and returned to ice. After incubation on ice for 10 min, cells 
were diluted with 50 ml of RPMI 1640 medium/10% FCS containing IL-3 
or IL-2, and cultivated in 24-welI plates. Transfected cells were selected 
by culturing cells in medium containing G418 at a final concentration of 
0.5mg/ml (for FDC-PI, and CTLL-2) or 2 mg/ml (for BAF-B03). 
Subcloning of the transfected cells was carried out by limiting dilution. 

Cell proliferation assay, binding of G-CSF and chemical cross- 
linking 

1 .5 x 10* cells (100 jil) were mixed with various concentrations of G-CSF, 
IL-3 or IL-2 in 96- well microliter plates. After incubation at 37 °C for 22 
h, 0.5 /rCi of [ 3 H]thymidine (specific activity, 74 GBq/mmol) was added 
per well and further incubated for 4 h at 37 °C prior to harvest. 

Radioiodination of murine recombinant G-CSF, binding of ( l25 I]G-CSF 
to cells, and chemical cross-linking were performed as described previously 
(Fukunaga et ai, 1990a,b). 

Preparation of antibodies against murine G-CSF receptor 
Two different anti-mouse G-CSF receptor sera (anti-MR 1 and anti-MR9) 
recognizing either a portion of the extracellular domain (amino acid positions 
36-326) or the cytoplasmic domain (positions 631-812) were prepared 
as follows. The corresponding regions of murine G-CSF receptor were first 
produced in E. colt using the expression system developed by Studier et al. 
(1990). The expression vector pGEMEX- 1 (Promega) was digested with 
Nhel and BamHl and the ends were filled in using the Klenow fragment. 
The DNA was religated to generate pEX, in which the phi 10 gene was 
deleted and the BamHl site was placed immediately downstream of an ATG 
initiation codon. To express the extracellular portions of murine G-CSF 
receptor, the 865 bp XhoU DNA fragment (nucleotide position 358-1223) 
of pI62 was inserted into the BamHl site of pEX to generate pEX-MR 1 . 
To express the cytoplasmic region of murine G-CSF receptor, pGEX-MR9 
was constructed by ligating the 900 bp Xmnl-Sphl DNA fragment 
(nucleotides 2140-3126) of pJ17 (Fukunaga et al. , 1990a) with the Hincll- 
and SpAI-digested pGEMEX-1 vector. 

E.coli BL21(DE3)pLysS (Studier et al. , 1990) was transformed with pEX- 
MR1 or pGEX-MR9, and the relevant products were purified essentially 
according to the method described by Sambrook et ai (1989). When the 
cell.lysates were centrifuged, most of the recombinant proteins were found 
in inclusion bodies of the precipitate. After successive washing with H 2 0 
and 0. 1 M Tris-HCl (pH 8.5) containing 2 M urea, the precipitates were 
dissolved in a solubilizing buffer (50 mM Tris-HCl (pH 8.0), 1 mM 
EDTA, 100 mM NaCl containing 8 M urea and 0.1 mM APMSF]. The 
G-CSF receptor polypeptides were purified by gel filtration on an AcA 54 
column which was equilibrated with the solubilizing buffer, and dialyzed 
against phosphate-buffered saline (PBS). The purified proteins, which were 
>90% pure, were used to immunize rabbits to obtain the antisera. 

Immunoblot analysis 

About 2xl0 7 cells collected by centrifugation were suspended in 100 /il 
of PBS containing a mixture of protease inhibitors (Fukunaga et al. , 1990b), 
lysed by adding an equal vol of 2x sample buffer [0.125 M Tris-HCl 
(pH 6.8), 4% SDS, 20% glycerol, 5% 2-mercaptoethanoI] and sonicated 
to shear genomic DNA. After heating at 95 °C for 5 min, the samples were 
electrophoresed on a 4 -20% gradient poly aery lamide gel. Electrob lotting 
of proteins to a GVHP membrane filter (Millipore) was performed as 
described previously (Fukunaga et at , 1990b). The blotted filter was rinsed 
with Block Ace (Dainippon Seiyaku, Co., Japan) for 60 min at 37°C, washed 
three times with PBS and once with TPBS (PBS containing 0. 1 % Tween 
20), and incubated with 10 ml of TPBS containing 10% Block Ace and 
1 fit of anti-MR 1 serum or 0.1 /il of anti-MR9 serum for 60 min at room 
temperature. The filter was then washed three times with TPBS and incubated 
with 10 ml of TPBS containing 10% Block Ace and 18.5 kBq/mJ l25 I- 
labeled F(ab')2 fragment of donkey anti-rabbit Ig antibody (Amersham). 
After incubation for 60 min at room temperature, the filter was washed 
six times for 10 min each with TPBS. dried and subjected to autoradiography. 
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Sequence and Expression of Human Estrogen 
Receptor Complementary DNA 

Geoffrey L. Greene, Paul Gilna, Michael Waxerfield, 
Astdrew Bajcet^ Yvonne Horx, John 'Shine 

THc mechanism by which die estrogen receptor and other steroid hormone receptors 
rcgnlatt gene expression in eukaryotic ceils is not well understood. In this study, a 
complementary DNA done containing the entire translated portion of the 'messenger 
RNA for the estrogen receptor from MCF-7 human breast cancer cells was sequenced 
and then expressed in Chinese hamster ovary (CHO-K1) cells to give a functional 
protein- An open reading frame of 1785 nucleotides in the complementary DNA 
corresponded to a polypeptide of 595 amnio acids and a molecular weight of 66,200, 
which is in good agreement with published molecular weight values of 65,000 to 
70,000 fdr the estrogen receptor. Homogcnatcs of transformed Chineie Hamster ovary 
cells contained a protein that, bound [ 3 H] estradiol and scdimcntcd as a 45 complex in 
salt-containing sucrose gradients and as an 8 to 95 complex in the absence of salt 
Interaction of this receptor- [ 3 H]cstradiol complex with a monoclonal antibody rhar is 
"specific for primate EE. confirms the identity of the expressed complementary DNA as 
human estrogen receptor, Amino acid sequence ccnip^riso^s re'.^ded significant 
regional homology among the human estrogen receptor, the human glucocorticoid 
receptor, and the putative v-erbA oncogene product. This suggests that steroid 
receptor genes and the avian erythroblastosis viral oncogene arc derived from a 
common primordial gene. The homologous region, which is rich in cysteine, lysine, 
and arginine, may represent the DNA-binding domain of diese proteins. 



the injection of exogenous Rf*A obtained 
from electrically excitable tissues into Xcno- 
pus oocytes causes the appearance of voltagc- 
opcrattd Ca 2+ channels in die oocyte mem- 
brane. These channels arc distinct from the 
endogenous ones in respect to their rime 
coarse and inacrivatioa properties. More- 
over, heart arid brain RNA each encode at 
least two distinct types of Ca 2+ channels. 
For the heart RNA, the sfow current ap- 
pears to 1 show die appropriate sensitivity to 
and modulation by transmitters and intracel- 
lular messengers. Significantly, a rapidly in- 
activating, norepmcphrinc- and dihydropyr- 
idine-insensicivc Ca i+ current has recently 
been reported in heart Cells {10). 

The injection of RNA from various tis- 
sues into XcnopuS oocytes should aid in the 
charaaerizadon of different rypes of Ca 2H " 
channels. Such data will complement experi- 



THE REGULATION OF GENE EXPBLES- 
sion in cukaryoric cells by estrogens 
and odiCT stcriod honuones involves 
the interaction of specific intracellular recep- 
tor proteins with the gcnomc T resulting in 
the activation of selected sets of responsive 
genes (7). As a consequence, DNA syndiesis 
in certain target cells is altered, and there are 
changes in the synthesis of specific RNA's 
and proccins involved in the regulation of 
cell proliferation, differenriation, and phys- 
iologic function in diverse tissues. In addi- 
tion, stcriod hormones and their receptors 
appear co be involved in the regulation of 



abnormal growth in various tumors and 
tumor cell ones [2). Recent data from" sever- 
al laboratories [3) suggest that steroids may 
exert their effects by binding directly to an 
intranuclear receptor molecule that is weajdy 
associated with nuclear components in the 
absence of ligand. Binding of hormone to its 
receptor results in conversion of the recep- 
tor-steroid complex to a form that associates 
with high affinity to one or more nuclear 
components. The molecular nature of this 
association and of the subsequent modula- 
tion of specific gene rjanscription is not 
known, alrhough a number of nuclear accep- 



tor skes have been proposed. These include 
specific DNA sequences (4), the nuclear 
rnattix (5), and acidic nonhistone protein- 
DNA complexes (6)'. Although distinct ste- 
roid- and DNA-binding domains have been 
postulated co exist In all steroid receptors.; 
few data are available on the detailed "struc- 
ture, composition, and chemical properties 
of the sub unit that binds both stcriod and 
DNA, and.varrnaliy ricrthing is known about 
the possible involvement of other compo- 
nents that do not bind steroid. 

Dcrxmuhation of the primary structure of 
the estrogen receptor (ER) and expression 
of this molecule in homologous and heter- 
ologous systems can provide valuable infor- 
mation about .scruc aire -function relation- 
ships at a molecular level Although ER is 
cusiributcd in a tissue-specific manner, many 
of these ceil types also express receptors for 
several other steroid hormones "(7). Thus, it 
is likely that the specificity of control of 
responsive elements by steroids is dere'r- 
rnincd, at least in part, by the primary 
snTicturc of the receptor protein. Like odxer 
steroid receptors, hormoncHsccupicd EK. 
appears to recognize discrete DNA se- 
quences that arc generally upstream of tran- 
scriptional start sites in responsive genes. In 
the prolactin gene, fdororinting analysis re- 
vealed a specific binding sire for ER about 2 
kb upstrcani of die start site (8); similar 
analyses of genes responsive to progestins 
and glucocorticoids revealed binding sites 
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lboircdlSD co 200 nucleotides upstream of 
thetranst)apaonaI scan sices (9). The corrc- 
spondnig^in<iiiig elements on the rcccptor- 
hormonc complexes have not yet been de- 
fined However, it seems likely that func- 
rioiul'domains with common demencs will 
be found in the various steroid receptor 



proteins, especially if a discrete DNA-bind- 
ing region exists. 

The isolation of complementary DNA 
(cDNA) clones corresponding to part or all 
of the translated sequence of ER messenger 
RNA (mRNA) from MCF-7 human breast 
cancer cells has been reported (20). These 



sequences were identified in randomly 
primed XgtlO and Xgtll MCF-7 cDNA 
libraries by screening cither with monoclo- 
nal ER antibodies or wid* synthetic oligonu- 
cleotides corresponding to two pep ride se- 
quences obtained from purified MCF-7 hu- 
man ER. Among the cDNA clones isolated 



(-29 J) GAATTCCAAAAITCTGATGTTTCITGTAIT^ -Ul 

jUOWaCTGmACACTAmACACmAGW 

CG<7GACATcCCCTGCGTC^^ ~ l 

10 20 3Q ' 40 

.ATCACCAMACCCTCOVC^MAAAC(^CTaK^CC« 110 

50 60 70 SO 

Gl uV» lTy tL«uAfl pSo rSc tLy ePr oAIi Vs lTy tkatTy rProQ I uG lyAl »AJ »Ty rGl oPb e A*n A I » Al * A }*Al^JiA*nAl*QlnV*Xry£Gl7GlnThTG\yLQj&T<>TYT 
GAGOTGIACCTGGA^GCAGCAAGCCCt^GT^ 240 

?0 J0O no 110 

GWPrrtl7g»*fllnAlaAl>Al^h«0t7SerA»aatyUtt01^ 

GGCCSCGGCTCTGAGGCTCCGGCGITO 360 
130 340 150 1<0 

r fi uG3nProHUQly01np^By^ 

ct£caoccccacg^ 480 

170 ISO 150 W0 

ClyAxRCliiAriLeaAiflSe*Th^AaA»pLy6GlySerHotAlAHotGl 

CGCAfiAGAJUGAITOTCr^^ 600 

210 210 230 140 

5 * rCy *G1 <UUyCy sLy »JU 0>i e!^ eLy aAr*S e rl 1 

TCCTOTGAWGCTGCAAGWXnCTrCMGAGMOTAXTC 710 

250 J«0 170 1«0 

Ax*7^WlTgLysCy^rCluViiCiyM6tMdtLy«G^ 

CGCqCCOOUUrOTACGAAGTGGGAVTO^ 840 

290 300 310 320 

fii y s«*Al«Cl y A*pM«tAr gAUAl*A«qLeaTTpPro S«rf 

330 340 350 3$0 

A^UOltfroPEoIItt^TyrsirgigTygAspProThrArgPr^ _ 
GAXGdCAGCCeecemCTCTATTC^CrATGATCCTAC 1040 

370 380* 390 400 

MaLvaArgVilProG3vF?icV»lA*pU^ 

GCQAAGAQCin't^AGCCrTrGrGGAITTGACCCT 1260 

♦10 <10 430 440 

Iv« L«I,aprhoAUP roAiia,«TiLcqLcuABp^ 

AAGaTcTGTT^^ " 2 ° 

4S0 4ff0 470 4ft0 

CUGlyGluGliffhcV»lCysLoi>Ly«ScrIleU^ 

CAOOCAGAGGACrmTra 14 *° 

490 500 - 510 S10 

Lysl loTb sJUpTJurLen* 1 i «L 8 uM« t AULy »A 1 i OlyL euThtL e u GlnG In G lnH i b G In Ar rLcuA 1b Gl nL <= nLouLouIloLatiSerHialloArgBxUotSotAatiLyx 
AACATCACAGACACITrOATCCACCrGArGGCCAAGGCAGGCCT 1560 

530 540 330- 5«0 

KOTGCAGCATCTCTACACCATCMCTttAACM 

570 5 80 590 

GlttClt^rA*pGliiS«rHiiLcaAUTfcrAlaGlySorThrSorS«rfiW^ 

GAGGAGACGGACCAMGCCAOTC<tfCACTGdWCT 1W ° 

Pig I OR8 cDNA and predicted amino acid sequence of human estrogen at nucleotides -54 to' -52 suggests char it may coma in non-ER fusion 

receptor from MCF-7 human breast cancer cells. The complete open reading sequence resulting from a cloning artifact. The sequencing sintegy was as 

Game consists of nucleotides 1 co 1785. out of a total of 2092. Termination follows: OR8 cDNA wm kubdoned into the Eco RI sue of M13mp9. 

codons(TGA) before and after the celling science arr underlined. Per^ox; Clones containing both oricntarions of the cDNA were isolated and 

iccWes obraincd from purified MCF-7 ER after cleavage with cyanogen subjected to DNA sequence anaJyibe by the method of Sanger a al. (13), 

bromide or trypsin arc also underlined. Numbers above the sequence rtfer to with' a scries of specinc oligonucleotide pnmcrs harnc^ogous to cither the 

amiao add positions and numbers to the right indicate nudcoddc locarioQS, adjacent Ml 3 sequence or to previously determined cDNA sequences. 
The unusual length of the 5' lender sequence upstream from the TGA codon 
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by oligonucleotide hybridization was a 2.1- 
kb cDNA (OR8) thai crc^-hybridrzed with 
ail other cDNA's and that contained the 
expected sequences for the two ER peptides. 
In addition, this cDNA hybridized selective* 
Iy to a 6.2-kb polyadcnylaccd RNA which, 
when translated in vitro', in the presence of 
[MSJinc^hioninc, coded for the synthesis of 
imrauaorcactive 65-kD ER,. as well as for a 
smaller* hmotint of an immunoractivc 46- 
kD protein, (20). The molecular size of the 
major, produce is similar to published values 
of-<S5 t ib'70'fcD for ER from several sources 



(11). The identity of the smaller peptide is 
not known, but it may represent an in vitro 
degradation product of the 65-kD ER. The 
size of the roRNA for ER indicates that it is 
likely that a large portion is not translated. A 
65-kD protein would require about" 1.8 leb 
of coding sequence; this would leave more 
than .4 kb unrranslarccL This untranslated 
region is likely to be at the 3' end of the 
gene, as found in several other receptor 
mRNA's, including the human glucocorti- 
coid receptor mRNA, which also contains a 
long 3 '-untranslated region (12). 
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.>(>...-. Fraction 
• Kg. 2: 'Sedimentation analysis of human estrogen receptor expressed by OR8 cDNA in CHO-K1 cefc 
and hbded with [ 3 H]cstradioL (A) Scturacnration pro hies infow-ialc gradients (10 mM KCL) or 
CTrcsscfl human ER. (A—A) or exrracr. from untransformcd CHO-K1 eelfc (•«•) labeled with 
[ 3 H]«tradiol (O.S nW). (B) Sedimentation profiles in High-salt gradients (400 mAf KCI) of expressed 
E& lahded with [ 3 H)cstradiol (0.5 nM) and incubated with YO^-O) or without fA— A) D75P3v 
immunoglobulin G PgG), and expressed ER labeled yvith [%]esnadiol.(0.5 nAf) pltis unlabeled 
estradiol (100 nM) (^-..-«). Unaansfprmed CHO-K1 cells and cells n^nsforracd with the' 
expression Ycccor described below were grown in monolayer culture to confiuency in a zinc- 
yupplemented Dulbccco's nurumal essential medium pfus Ham's F- 1 2 medium (22). After removal from 
rhe fiubstratc with EDTA, the cells were homogenized by Porytrou disruption in a buffer containing 10 
mMtns{pH 7.4) and 20 mM. sodium motybdatc (16). Horn ogm arcs were centxiruged at 253,0(% for 
30 minutes and die supemarant -fractions were labeled with 0.5 nM [^estradiol (57 Ci/mmol), wirh 
or withopt a 200-fold molar execss of nonradioactive estradiol, for 60 ininutcs ar 4°C. Experiments with 
excess dicrhy&riJbcstrol in place of estradiol snowed die same partem of radipicrivicY on lie gradient. In 
q separate cxpcrinicflt, aliejuorj (200 pj) of labeled extract were incubated for 60 minutes at 4*C cither 
in the presence or absence of rat monoclonal ER an ci body (10>gof D7SP3^ D547Sp7, or H222Spy 
in a fina] volume of 220 ul). For sedimentation analyses, aliquots (200 ui) of labeled extract or 
incubauon' mixture were layered onto Hncar 10 to 30 percent sucrose gradients (3.S ml), prepared in 10 
mAf ms; 10 mAf sodium morybebic, 1.5 mAf EDT& pH 7.4, and either 10 mM KQ (low sak) or 400 
mM KO (high salr) , and centrirugtd at 0°C for 15 hours at 253,(N%. Successive 100-uJ fraction* were 
coUeacd and radioactivity measured in Triton X-100 toluene scno'llation mature at 35 peTOcnc 
counoGg effidency. [';C]QvaJbumin (3.dS) and ( ,4 C]lgG (7.05) were used as scdinwncarion markers in 
parallel gradients; their positions arc designated by arrows. The OH8 expression vector was constructed 
by subdoning die OR8 cDNA into p-MTpn (14). This vector consists of a 870-bp Hind IH-Bam Hi 
fragment, from rhe human metailorhiopcin II gene (14) inserted into the poly linker region of pUC°. 
Uiis genomic fragment con Cains metal regulatory region*, ghicocordcoid-rcccpcor binding sites, and. 
theprombrer, transcription start, and 5 '-untranslated region of the mctaUothioricin II gene. To provide 
for rranscripdon stop and por/adenyl addition signals, the 600-kb Sma T-Ecd KI fragment from the 3' 
end of the human growth hormone gene was placed on the V side of the OR8 cDNA. The vector also 
contains die SV40 origin of replication and enhancer sequences immediately 5' 10 die metallochioncin 
promoter. 
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The 2.1-kb OR8 cDNA insert was the 
only cDNA long enough to contain the 
entire coding sequence for a 65-kD protein. 
Since this insert cross-hybridizes with ail of 
the dooed cDNA*s, regardless of selection 
method (20), OR8 should correspond to 
most or all of the MCF-7 human EIL To 
test this, the nucleotide sequence of rJiis 
done was determined by the method of 
Sanger tl al. (13) according to the strategy 
described in Fig. 1. An open reading frame, 
of 178 S nucleotides is the sequence encod- 
ing the human estrogen receptor, and corre- 
sponds co 595 amino acids and a calculated 
molecular weight of 66,200. The translation 
initiation site was assigned to the methio- 
nine codon at nucleotides 1 to 3 because this 
ATG triplet is the first to appear down- 
stream from the in -frame eenrunatorTGA at 
nucleotides -54 to -52. Although the actu- 
al initiation site has not been unccpxvocally 
established, amino acid sequence obtained 
from a cyanogen bromide fragment' of 
MCF-7 ER corresponds to residues 12 to 
26 (Fig. 1), which is very dose to the 
proposed starr sire. The codon specifying 
rhe valine at position 595 is followed by a 
TGA translation teiininatibn codon. Pep- 
tide sequences from purified ER occur 
* throughout the proposed open reading 
frame, including one that corresponds to 
residues 543 to 560 near the carbaxyi termi- 
nus of the polypeptide (Fig. 1). Thus, aj] of 
the coding sequence for MCF-7 human "ER 
is present in die OR8 cDNA insert- 
To determine whether the OR8 cDNA 
would code for the synthesis of functional 
human ER in a heterologous cdl system, 
QR8 was inserted into a pBR vector con- 
taining a mctaUothipnein promoter and 
SV40 enhancer sequence (14), as described 
in Fig. 2. This OR8 -containing plasmid was 

*1"<*<4 *w« *w. n *r-d.>M OUImaxa .... 

ovary cells (CHQ-]Kl) (25), and cell ho- 
mogenates were analyzed for the expression 
of human ER in a form capable of binding 
estradiol. Sedimentation analysis of a low- 
salt extract kbded with [ 3 H] estradiol re- 
vealed rhe presence of a n^ptot-[ 3 H] estra- 
diol' complex which scdimcn'tcd at 8-95 in 
iO mAf KCI (Fig. 2A) and at 4S in 0.4Af 
KCI (Fig. 2B). This complex reacted with 
three different mpnodonal ER antibodies to 
form 8S immune complexes (Fig. 2B). One 
of these antibodies is specific for primate ER 
(D75P3-Y) (24 17). ^EstracUoi-bmding 
in both the 45 and &$ complexes was abol- 
ished by the addition of a 200-fold molar 
excess of noriradioactivc estradiol (Fig. 2B) 
or aUctfiybalbcstroL Extracts of untrans- 
formed CHO-K1 cells did not contain re* 
ccptor-[ 3 H]cstradiol complexes (Fig. 2A). 
In addition, the concentration of the recep- 
tor- [ 3 H] estradiol complex was more than 

5CIBNCE, VOL. Z$l 



k-GR 405 pro pro aor (Jarjiar tar thr ala thr thr gly pro pro pro ly? leu 
i-ER 169 asn osp lys gly scr met ala aet glu *ar ala lys giw thr »rfi tyr 
v-erbA 21 ser aar mot fsaTj gly tyr ile pro scr cys leg osp lys filo «la 



i-ER 
verb A 



421 
185 
37 



cys 
cys 
cyi 


Ian 
ala 


val cy s 
▼al cys 
val cys 


ser 
a an 

Biy 



asp 
asp 
aap 



em 

tyr 
lya 



ala ser gly 
ala ser gly 



alaJ~tEr[glyJ thr 



cys 

tyr 



Icq 

Irp 

his tyr( erg cy» ile 



Ms tyr gly vol 
his tyr gly val 



h-OR 
b-ER 
v-crbA 



437 \thr\ cys | gly scr | cya lys 
201 scr cya gin gly cys lya 
53 fchr|[cyg gin gly cys lys 



val 
ala 
ser 



pho phe lya arj 
phc phe lys arg 
phe phe | nrg | org 



scr 
thr 



val 




eiy 




ile 


gin 


fir 




lie 


gin 


lys 


asn 




tyr 


leu 


cys 


ala 


gly arg 


a*& 


asp 


cys 


lie 


ile aap 


tyr 


siet 


oy* 


pro 


ala thr 


aan 


gly 


eye 


thr 


ile asp 


tyr 


*ar 


cya 


thr 


tyr asp 


gly cys 


oy« 


vat 


il« aap 



b-GR 


467 


ly* 




**8 


org 


ly-l 


aaa 


h-ER 


231 


lya 


asn 


arg 


arg 


lysi 


scr 


v-erbA 


«5 


lys 


liiej 


ttr 


«rg 


asn 


gla 


h-GR 


483 


gin 




gly 


aat 


asn 


1 on 


h-EX 


247 


Klu 


(val 


gly 


met 


ffct 


lys 


v-erbA 


101 


ser 


U 


gly 


bet 


ala 


met 




tyr far b ly a =7" 
len |arg lys cys 
phe lys ] lyt cya 



leu 
tyr 
lie 



ala arg lys thr ly* lys lys ile lys 



Fig. 3. Amino add sequence alignment of the cysteine-, lysine-, and aigininc-rich region of MCF-7 
human ER, human GR, and putative v-friA oncogene product. Amino acid residues 185 to 250 from 
BR were aligned with residues 421 to 486 from GR and residues 37 co 104 from p75^*^* A ; common 
residues arc boxed and gaps arc indicated by dashes. Matching cysteine residues are indicated by dots 
above the sequence. 



doubled by including 10 ~ 4 M Zn 2+ in the 
culture medium for 24 hours prior co cell 
harvest. This result is consistent with the 
induction of the mctailothioncin promoter 
by zinc (18). The formation of 8-105 salt- 
sensitive receptor- hormone complexes in 
hypotonic extracts of responsive cells is a 
hallmark of steroid receptors, although the 
biological significance of these muitimeric 
complexes has not been established. It is 
interesting that, although CHO-K1 cells 
appear to express little or no ER, the human 
ER expressed by OR8 cDNA in these cells 
forms an 8 to 9S complex. when occupied by 
[ 3 H] estradiol under hypotonic conditions. 
This suggests either that this complex is a 
mulrirncr of steroid-binding subunits or that 
associated nonsteroid- binding components 
are present in no n target cells. 

Idruitification of the locations and prop cr- 
ocs of the functional domains on the recep- 
tor protein can help establish the mechanism 
by which ER regulates gene transcription. 
Irnmunodiaaiical analyses of partially pro- 
teoryzed MCF-7 human ER have identified 
at least two regions which arc separable by 
enzymatic cleavage: a DNA-binding region 
and a steroid-binding region (17). Similar 
analyses of rat glucocorticoid receptor (GR) 
revealed a third "immunogenic 1 ' domain 
near the amino terminus of GR (19j 20) 
which is probably not present in ER. When 
the amino acid sequences of human ER and 
GR (12, 20) were compared, a striking 



homology was observed in a region rich in 
cysteine, lysine, and argininc (Fig. 3). This 
region occurs 300 to 350 amino adds from 
the carboxyl terminus in bom ER and GR. 
Between residues 185 and 250 for ER and 
residues 421 and 486 for GR (66 amino 
adds) there are 40 matches (61 percent). A 
similar homology exists among ER, GR 
(20), and a region of the putative avian 
erythroblastosis virus oncogene protein 
p75' tf ^' 6A (20, 21), from residue 37 to 104. 
All nine cysteines of ER arc conserved in 
this region and nine out often GR and v- 
crbA cysteines arc conserved. The abun- 
dance of cysteines in such a small region is 
unusual, and it has been suggested that this 
region and the associated basic amino acids 
may represent a DNA-binding domain of 
GR and v-erbh (20). Interestingly, this is the 
only region of significant sequence homolo- 
gy between human ER and GR, although 
both molecules contain a prolinc-rich region 
of unknown function located upstream from 
the region rich in cysteine, lysine, and argi- 
nine and a relatively hydrophobic region at 
the carboxyl terminus. On the basis of analy- 
sis of proteolytic and cDNA fragments of 
ER and GR (10, 17, 19) and of the nucleo- 
tide sequence of a form of GR dm docs not 
bind steroid (20), this hydrophobic region 
has been suggested to be the stcroid-bmding 
domain. If the primary amino acid struc- 
tures of both proteins are aligned according 
to Fig. 3, much of the arnino terminal 



irnmunogenic region present in GR is ab- 
sent in ER, suggesting that this region may 
be important in distinguishing the action of 
GR from ER. 

Thus, there is a strong relationship among 
two steroid receptors and the crhK proto- 
oncogenes, indicating diac they are derived 
from a common primordial gene Although 
die meclunisms by which steroid receptors 
modulate transcription and by which v-crbh. 
promotes transformation arc unknown, the 
commoD feature of these molecules is a 
domain chat may be involved in DNA rec- 
ognition. Further elucidation of the role of 
this domain and other functional regions in 
the regulation of gene expression should 
follow from in vitro and in vivo studies of 
the interaction of genetically altered recep- 
tor molecules with hormone-responsive 
genes. 
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An Ancient Developmental Induction: Heat-Shock 
Proteins Induced in Sporuktion and Oogenesis 

Stephen Kurtz, Janice Rossi, Lawrence Petto, Susan Lindquist 

Every cukaryotic and profcaryotic organism tested to date synthesizes a small number 
of heac-shock proteins in response to heat and other forms of stress. A particular 
pattern of heat-shock gene expression was observed during ascospore development in 
S&xbarvmyusx heat-shock proteins hsp26 and hsp84 were strongly induced, whereas 
hsp70, the most highly conserved of these proteins, was neither induced nor inducible 
by heat shock. Instead, two proteins related to hsp70 were induced. A strikingly 
similar pattern of expression occurs during oogenesis in Drosophila suggesting that it 
may be one of the earliest developmental pathways to evolve in cukaryotic cells. 



A IX organisms respond to mild 
elevations in temperature by coordi- 
natcly synthesizing a small set of 
heat-shock proteins. The exact number of 
proteins induced varies in different orga- 
nisms, but in all ca s es proteins of approxi- 
mately 84 and 70 kilodaltons (hsp84 and 
hsp70) are among the most prominent spe- 
cies. These proteins have been highly con- 
served in evolution. The bsp70 proteins of 
Drosophila and yeast have 72 percent amino 
add identity (2) and their respective hspfi4 
proteins have 63 percent identity (2, 3). 
Most organisms also produce heat-shock 
proteins of 20 to 30 kD.- Drosophila cells 
produce four closely related proteins of 28, 
26, 23, and 22 kD, Cells of the yeast 
Saccharomytxs ccrmsias produce only one 
prominent small protein wich a molecular 
mass of 26 kD. These small heat-shock 
proteins have cot been conserved co the 
same extent as hsp70 and hsp84, but nucleic 
acid sequence analysis has demonstrated ho- 
mology among the proteins of insects, verte- 
brates, and nematodes (4-5). Furthermore, 
die small heat-shock proteins of Drasophfa % 
yeast, and tomatoes form panicles of highly 
conserved morphology (d, 7), 

Although die specific functions of the 
heat-shock proteins arc not yet known, 
some of them arc expressed during oogene- 
sis and pupation in Drosophila (5-72), sug- 
gesting that diey play a role in normal ' 
development as well as in the response to 
stress. To' investigate developmental regula- 
tion of the heat-shock genes in the yeast 5. 
orrroitjc, wc examined sporulating cells. 



Sincc these cells do not eftcicnrJy take up 
radiolabeled amino adds, gene expression 
was do n u lined with DNA probes and anti- 
bodies. In die experiment represented in 
Eg. 1, diploid cells of the strain AP3 
reached the tetranudeatc stage 8 to 10 hours 
after transfer to nitrogcu-defi dent medium 
and sporuktion was complete at 24 hours. 
Total cellular RNA's were isolated at various 
rimes during sporuladon, elerrxophorctical- 
ly separated, and analyzed by hybridization 
with cloned probes for the heat-shock genes. 
Messenger RNA (mRNA) for hsp26 was 
induced early in sporuladon, eventually 
reaching a conccntrarion higher than diat 
achieved during a 1-hour heat shock (Fig. 
la). Messenger UNA for hsp84 was also 
induced during sporuktion (pig. lb). The 
timing of its accumulation was different 
from that of the hsp26 message. The maxi- 
mum level of induction was comparable to 
that achieved With a 1-hour heat shock. 

The hsp70 gone family in Sacckaromyees 
contains two different classes of hcat-induc- 
ible genes encoding 70-kD proteins. Tran- 
scripts from one dass, represented here by 
done YG100, arc observed at low levels at 
25°C and at mudi higher levels at 36°C. 
Transcripts of the other, represented by 
done YG107, are observed only at tempera- 
tures above 38°C {13). Neither dass was 
induced during sporuladon (Fig. lc). More- 
over, as can be seen with longer exposures, 
as sporuladon proceeded, the conccntrarion 
of the YG100 message dropped bdow the 
basal level observed during normal vegeta- 
tive growth. 



Wc examined the expression of heat- 
shock RNA's in several 5. ccrcvisiac strains of 
widdy divergent genotypes. Messages for 
hsp26 and hsp84 are induced at different 
rimes in strains that sporulatc at different 
rates, but they are always induced strongly. 
Ndtfaer dass of hsp70 message, was induced 
during spomlnrion in any strain. Thus, un- 
like the coordinate induction of these genes 
during heat shock, their induction during 
development is uncoupled; only a particular 
subset of heat-shock genes is induced. 

This pattern of heat-shock gene expres- 
sion is remarkably similar co one reported to 
occur during normal oogenesis in Droscphi^ 
k. In adult females, RNA's for hsp2o\ 
hsp28, and hsp84 are induced in ovarian 
nurse cells and passed into the developing 
oocyte (72). As with rnciosis in $. srmik, 
this devdoprncntai induction difl™ from 
heat-shodc induction in that mRNA for 
hsp70 docs not accumulate In fact, in late 
egg chambers and early embryos, hsp70 is 
not induced even with heat shock (72 ) . This 
is significant, since, in virtually all other 
tissues, hsp70 is the protein most Strongly 
induced by heat 

To determine whether hsp70 is heat-in- 
dnctble during sporuktion, we removed 
portions of a spqrukting culture at various 
times during devdoprncne and subjected 
them to heat shock at 39 a C. RNA's from 
these cells were hybridized with probes for 
the two classes of hsp70 genes. Both Were 
inducible during the early stages of sporuk- 
tion; neither was inducible during the f nal 
stages of spore maturation (Fig. 2a). This 
change apparently occurred before general 
transcriptional mactivation of the spore 
genome, sincc an mRNA encoding a 21.5- 
kD SporularJon-spccific polypeptide accu- 
mulated after hsp70 became refractory to 
induction (Fig. 2b). 

We transktcd RNA's from sporukting 
cells in vitro and found that the heat-shock 
messages they contained were fully translat- 
able. However, the fact that these RNA's 
can be transktcd in vitro provides no infor- 
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Fusion of the hormone binding domain (HBD) of steroid 
receptors to transcription factors renders them hormone- 
dependent. We show here that an SH3-deleted, oncogenic 
variant of the Abl tyrosine kinase becomes hormone- 
dependent for transformation by fusion to the estrogen 
receptor (ER) HBD, extending the phenomenon to 
tyrosine kinases. Surprisingly, fusion of the HBD to the 
normal, non-transforming c-Abl (TV) protein activated 
transforming activity in a hormone-dependent fashion. 
In the presence of hormone, the c-Abl:ER fusion protein 
was transforming, cytoplasmic and tyrosine 
phosphorylated, whereas it was non-transforming, 
nuclear and hypophosphorylated without hormone. We 
have examined the kinetics of activation of the c-Abl:ER 
protein and found that protein synthesis is required both 
for kinase activation and for redistribution of the c- 
Abl:ER protein from the nucleus to the cytoplasm. We 
suggest that the activation of c-Abl could be due to HBD- 
mediated dimerization and/or to the ability to overexpress 
conditionally the normally toxic c-Abl protein. This novel 
approach may be applicable to a wide variety of proteins, 
particularly when activating mutations or physiological 
inducers are unknown or when the protein is toxic to 
cells. 

Key words: Abl/conditional mutations/hormone binding 
domain/estrogen receptor/fibroblast transformation/tyrosine 
kinase 



Introduction 

Protein tyrosine kinases have been intensively studied for 
their roles in growth regulation, differentiation, and 
oncogenesis. For the transmembrane tyrosine kinases with 
identified ligands, such as the receptors for epidermal growth 
factor, platelet-derived growth factor, colony stimulating 
factor 1 and fibroblast growth factor, both the inductive 
signal and aspects of the mechanistic control of the kinase 
activity are partially understood (Yarden and Ullrich, 1988). 
Notably, these receptors are thought to be activated by 



growth factor-induced aggregation or dimerization (Ullrich 
and Schlessinger, 1990). However, for the non-receptor 
tyrosine kinases of the Src, Abl and Fps families, the 
inductive signals and mechanisms are less clear, making their 
normal physiology difficult to study. Only recently have 
potential growth factor signals and regulatory mechanisms 
been suggested for members of the Src family, notably c- 
Lck, in the context of T cell signaling (Bolen and Veillette, 
1989; Hatakeyama et al. , 1991). These non-receptor tyrosine 
kinases have been studied largely as transforming variants, 
which may only partially mirror their normal physiological 
roles. Clearly, the possibility of regulating manipulated 
variants of these kinases by exogenous signals that do not 
perturb normal physiology could help to assess downstream 
events. 

Control of ti^sfonrung processes dependent on non- 
receptor tyrosine kinases has been accomplished using 
temperature-sensitive mutants of transforming genes, such 
as src or abl (Anderson et al. , 1987; Engelman and 
Rosenberg, 1987; Kipreos et ai 9 1987). However, for in 
vivo studies in mammalian systems, such as the investigation 
of Abl-induced leukemia in mice, temperature-sensitive 
mutations are of limited utility. In the case of transmembrane 
receptors, functional substitution of a heterologous 
extracellular domain for that normally associated with the 
tyrosine kinase has also been reported and may be useful 
for defining the role of a particular receptor without using 
the natural ligand (see, for example, Seedorf et al. , 1991; 
Yan et al., 1991, and references therein). 

Recently, regulable variants of several transcription factors 
have been constructed by fusion to the hormone binding 
domains (HBDs) of the glucocorticoid receptor or the 
estrogen receptor (ER). These regulatory domains can 
inactivate the heterologous activity in a fashion that can be 
reversed by hormone (Picard et al. , 1988; Eilers et al. , 
1989; Burk and Klempnauer, 1991; Superti-Furga etal, 
1991; Umek et al, 1991). It has been proposed that the 
inactivation is mediated by the hormone-reversible 
association of the HBD with a heat shock protein, HSP90 
(Picard et al , 1988). We now report that this strategy can 
also be applied to a tyrosine kinase. Thus, a transforming 
derivative of c-abl becomes a hormone-inducible oncogene 
by gene fusion to a region encoding a steroid binding domain. 
Surprisingly, we discovered that a normal, non-transforming 
c-Abl could be activated by fusion to the HBD of the ER. 
In the presence of hormone, this hybrid protein becomes a 
potent transforming protein despite being composed of two 
oncogenically inactive moieties. We use this hormone- 
regulable Abl kinase to study the kinetics of kinase activation, 
to identify a protein synthesis requirement for kinase 
activation, to correlate the formation of a high molecular 
weight complex with Abl-dependent transformation and to — 
show transformation-dependent redistribution of the Abl 
protein from the nucleus to the cytoplasm. 
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Results 

Construction of hormone-regulable derivatives of the 
Abl kinase 

To construct hormone-regulable mutants of the Abl protein, 
we examined whether the regulation of transforming activity 
by the ER HBD observed for transcription factors could be 
extended to a transforming variant of Abl. 
Hormone-reversible inactivotion of transforming Abl by 
fusion to a steroid receptor hormone-binding domain. To 
express a hormone-inducible derivative of Abl, we 
constructed a retroviral vector, pPL, encoding a fusion 
protein, denoted by AXB:ER, including the N-terminal 
domains of the AXB transforming mutant of c-Abl (TV) fused 
to the human ER HBD (Figure 1). The original AXB mutant 
had a deletion of the Src homology domain 3 (SH3) of the 



non-transforming c-Abl (IV) and possessed the same 
transforming properties as v-Abl (Jackson and Baltimore, 
1989). The C-terminal domain of Abl has several other 
potential functions including DNA binding, actin association 
and a role in some transformation assays, but is not required 
for fibroblast transformation (Prywes et aL , 1985; Van Etten 
et aL, 1989; Kipreos and Wang, 1992). Thus, to simplify 
our analysis, the domain C-terminal to the major nuclear 
localization signal was deleted in the AXB:ER fusion protein. 
As a control for this deletion, we constructed a similar C- 
terminal deletion mutant of AXB without fusion to the HBD, 
AXB-A630 (Figure 1). Retroviral vectors encoding these 
mutants and the parental c-Abl and AXB mutants were 
cotransfected with a cloned Moloney helper virus into NIH 
3T3 cells, which were plated with and without estradiol. 
The AXB:ER and AXB-A630 constructs produced similar 
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Fig. 1. Schematic representations and biological properties of Abl protein derivatives fused to the ER HBD. c-Abl sequences and ER HBD are 
represented by open and shaded boxes, respectively. Several c-Abl characteristics are indicated: ATG, initiator codon; MYR, myristoylation site; 
SHI, SH2 and SH3, Src homology domains 1, 2 and 3. respectively; K5, the pentalysine motif of the c-Abl nuclear localization signal. Landmark 
restriction sites used for deletion are indicated. Note that transforming Abl variants lack SH3. (Above) Dominant inactivation of transforming Abl. 
pPLAXB: an SH3 deletion mutant of c-Abl (IV) (Jackson and Baltimore, 1989). pPLAXB-A630: a double mutant of c-Abl (IV) with both the SH3 
deletion and the C-terminal deletion of residues 631-1142. pPLAXB:ER: a fusion protein with the SH3 deletion mutant of c-Abl (TV), AXB-A630, 
and residues 282-595 of the human ER. (Below) Activation of normal, non-transforming c-Abl. pPLcIV: a retroviral vector encoding full-length c- 
Abl (IV) (Jackson and Baltimore, 1989). pPLcIV-A980: a derivative of pPLcIV, encoding c-Abl (IV) with C-terminal residues 981-1142 deleted. 
pPLcIV-A630: a derivative of pPLcIV, encoding c-Abl (IV) with C-teiminai residues 631-1142 deleted. pPLcIV(980):ER: a fusion protein 
containing residues 1-980 of c-Abl (TV) and residues 282 - 595 of the human ER. pPLcIV:ER: a fusion protein containing residues 1 -630 of c-Abl 
(TV) and residues 282-595 of the human ER. Constructs were cotransfected with a cloned M-MuLV provirus (pZAP) into NIH 3T3 cells. On day 
2, the transfected cells were split into media with or without 1 pM estradiol (+H or -H). Transformed foci were counted on day 10 post- 
transfection. 'Transformation* refers to the number of morphologically transformed foci per plate (normalized for the dilution when split). Populations 
of transfected cells were plated in 0.48% Difco agar in DME with 10% donor calf serum either with or without 1 /iM 0 -estradiol. 'Soft agar 
growth* was scored by counting macroscopic colonies at 21 days. 
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numbers of morphologically transformed foci in the presence 
of hormone, but the AXB:ER construct produced ~ 80-fold 
fewer foci in the absence of hormone. The foci formed in 
the absence of hormone were small and could not be 
passaged as cell lines without the addition of hormone. This 
failure of lines to grow without hormone is probably due 
to a strong cytostatic effect of the Abl:ER fusion protein in 
the absence of hormone (P.Jackson, D.Baltimore and 
D.Picard, in preparation). Further, the cells transformed by 
the AXB:ER construct failed to grow without hormone in 
the more stringent soft agar growth assay, but did form 
colonies in agar in the presence of estradiol (Figure 1). The 
AXB-A630 mutant transformed cells only slightly less well 
than the parental AXB mutant, and these mutants were not 
affected by hormone in either the focus formation or soft 
agar growth assays (Figure 1). Thus, the ER HBD 
inactivated the transforming ability of the AXB mutant in 
a hormone-reversible fashion. Similar results were obtained 
with the HBD of the glucocorticoid receptor (data not 
shown). 

Oncogenic activation of non-transforming c-Abl by fusion 
to the ER hormone binding domain. Initially intended as a 
negative control, we constructed a vector encoding a c- 
Abl:ER hybrid protein retaining the SH3 domain, called 
cIV:ER (Figure 1). We were surprised to find that this 



construct also transformed NIH 3T3 cells. While no foci 
appeared in the absence of hormone, the cIV:ER construct 
transformed quantitatively almost as well as the AXB:ER 
or AXB-A630 constructs in the presence of hormone 
(Figure 1). As expected, the C-terminal deletion mutant cIV- 
A630 did not transform with or without estradiol, 
demonstrating that the simple deletion of the C-terminus did 
not activate the transforming ability of c-Abl (IV). Thus, 
the HBD of the human ER activated c-Abl (IV) in the 
presence of hormone. 

A different c-Abl :ER hybrid protein including more of 
the Abl C-terminus, cIV(980):ER (Figure 1) was also 
activated for transformation in the presence of hormone. 
Thus, the ER HBD will function in different contexts within 
the c-Abl protein to activate transforming ability. 



AbhER fusion proteins with and without SH3 
transform reversibly, but with different kinetics 
We examined whether the transforming effect of the Abl:ER 
fusion proteins was reversible in stable, clonal cell lines. 
Populations of NIH 3T3 cells transformed by the cIV:ER 
and AXB:ER mutants were grown in estradiol and cloned 
by limiting dilution. In multiple clonal NIH 3T3 lines 
expressing the cIV:ER fusion protein, cells grown in the 



FINAL CONDITION 
-estradiol +estradiol 




Fig. 2. Hormone-dependent morphological transformation. Clonal lines expressing the pl03 cIV:ER and p96 AXB:ER fusion proteins were grown in the 
presence of estradiol (1 /iM) in a morphologically transformed state. Cells were washed and plated either with or without estradiol and grown for 2 
days (INITIAL CONDITION). Plates were then washed and fed with or without estradiol, and grown for an additional 2 days (FINAL 
CONDITION). (A-D) NIH 3T3 cells expressing pl03 cIV:ER . (E-H) NIH 3T3 cells expressing p96^ fl E R . (A and E) Cells grown for 2 days 
without estradiol reverted fully and maintained their flat morphology. (B and F) Cells were grown for 2 days without estradiol and reverted fully. 
These cells were treated with estradiol and grown for an additional 2 days. Much of the fully transformed morphology was seen at day one. (C and 

G) Cells in estradiol showing a fully transformed morphology were washed and refed with medium lacking hormone and grown for an additional 2 
days. The reversion is complete with the cIV:ER cells, while the reversion of the AXB:ER cells is substantial, but slower and more variable. (D and 

H) Cells that have been grown for 4 days in estradiol maintain their transformed morphology and grow considerably faster than control cells without 
hormone. Scale: Nuclear diameter in photomicrograph A is - 10 ^m. 
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presence of estradiol were highly morphologically 
transformed. When viewed by phase contrast microscopy, 
the cIV:ER cells were homogeneously round and refractile, 
grew to high density without apparent contact inhibition, and, 
when viewed by time-lapse video microscopy, were highly 
motile with rapidly changing, extended cellular processes 
and reduced lamellipodia. In the absence of hormone, the 
cIV:ER cells were uniformly flat, showed normal, non- 
refractile cytoplasmic and phase-dark nuclear structure, low 
motility and ruffling lamellipodia. In the absence of hormone, 
the AXB:ER cells behaved similarly, but were less 
homogeneously flat, with some cells showing intermediate 
morphologies (data not shown). 

When clonal lines that had been transformed in the 
presence of hormone by the cIV:ER mutant were washed 
and plated in the absence of hormone (3600 cells/cm 2 ), 
most of the cells showed a flat morphology within 1 day. 
By the second day, the cells had homogeneously reverted 
(Figure 2). The rate of reversion was somewhat lower at 
high cell density (>26 000 cells/cm 2 ). Adding hormone to 
cells that had reverted induced their morphological 
transformation (Figure 2). During the time course following 
hormone addition, intermediate transformed morphologies 
were recognizable, but within 2 days the cells were 
morphologically indistinguishable from cells grown 
continuously in hormone or from NIH 3T3 cells transformed 
by v-Abl (Figure 2 and data not shown). Thus, the 
transformed phenotype was reversibly dependent on the 
continued presence of estradiol. 

Cells transformed by the AXB:ER fusion protein required 
more time to revert homogeneously after removal of 
hormone than the cIV:ER expressing cells, but nonetheless 
showed substantial reversion within 2 days. Reverted cells 
were induced to a transformed phenotype by addition of 
hormone within 1 day (Figure 2). Cells with the AXB:ER 
fusion protein apparently reverted with more difficulty and 
were induced more easily than cells with the cIV:ER ftision 
protein, suggesting that the AXB:ER fusion protein had 
higher levels of transforming activity in cells. Growth of 
the cIV:ER expressing lines in soft agar was also somewhat 
slower than that of the AXB:ER-expressing lines in the 
presence of hormone. Thus, the transforming activities of 
both the AXB:ER and cIV:ER fusion proteins were 
hormone-dependent and reversible, but with different kinetics 
of morphological response to hormone. 

Abl:ER fusion proteins with and without SH3 have 
different hormone dosage responses for hormone- 
induced transformation 

Because the cIV:ER- and AXB:ER-expressing lines had 
different kinetic responses to hormone, we examined the 
dose-dependence for growth in soft agar. The AXB:ER 
fusion protein responds half-maximally to hormone at 
concentrations slighdy higher than the known K 6 of the 
HBD for estradiol (see Table I) and consistent with the 
dosage response of a myc:ER fusion protein (Eilers et al. , 
1989). In contrast, half-maximal stimulation of the cIV:ER 
fusion protein required -20-fold more hormone (Table I). 
Both showed a sigmoidal response to varying concentrations 
of hormone (data not shown). Thus, there were differences 
in hormone responsiveness of the cells expressing the Abl:ER 
fusion proteins with or without the SH3 domain. 
To address the possibility that the Abl:ER fusion proteins 



Table I. 


Hormone binding and induction of Abl:ER fusion proteins 


Cell line 


Number of Hormone-binding 


Half-maximal dose 




molecules per cell affinity (Ktf 


for growth in soft 






agar 6 (nM) 


AXB:ER 


4.2x106 ± 24% 2.5 nM ± 18% 


-8 


cIVrER 


2.0x106 ± 14%c 13.3 nM ± 24% 


-150 



■Affinity for j9-estradiol. 

b Estimated by graphical analysis of the ^-estradiol dose -response 
curve for growth in soft agar. 

c This is a minimum estimate because these cells were less adherent in 
serum-free medium and some cells were unavoidably lost during 
washing. Loss of cells during washing would not affect the measured 
affinity, but might cause the number of binding sites per cell to be 
underestimated. 



with or without SH3 had different affinities for hormone, 
we performed in vivo hormone binding studies. Cells 
expressing the cIV:ER fusion protein bound [ 3 H]estradiol 
with -~ 5-fold lower affinity than the AXB:ER cells (Table I). 
Both fusion proteins expressed several million hormone 
binding sites per cell, consistent with high levels of Abl:ER 
fusion protein expression (> 10-fold more than endogenous 
c-Abl). Although the cIV:ER fusion protein has a lower 
affinity for ligand than the AXB:ER fusion protein, this 
difference cannot account for the 20-fold difference in 
hormone level required for transformation. Possibly, the 
difference in behavior of the two fusion proteins could be 
due to an inhibitory function of SH3 in c-Abl (Franz et al , 
1989; Jackson and Baltimore, 1989; Pendergast et al. , 1991; 
Cicchetti etai, 1992) or to differences in subcellular 
localization of the two fusion proteins (see below). 

The transforming activities of the Abl:ER fusion 
proteins correlate with hyperphosphorylation on 
tyrosine 

A characteristic biochemical difference between ^/-trans- 
formed cells and parental cells is the presence of specific 
proteins phosphorylated on tyrosine residues, including Abl 
itself. We were interested in whether induction of tyrosine 
phosphorylation of these proteins occurred in cells expressing 
the Abl:ER fusion proteins after hormone addition. Probing 
an immunoblot for Abl protein showed that addition of 
hormone to reverted cells caused a slight reduction in the 
electrophoretic mobility for the 103 kDa cIV:ER fusion 
protein (Figure 3). An immunoblot performed in parallel 
using an anti-phosphotyrosine antibody showed that the less 
mobile form of the cIV:ER doublet seen in the presence of 
hormone is tyrosine phosphorylated, while in the absence 
of hormone, the more mobile form did not appear to be 
tyrosine phosphorylated (compare panels in Figure 3). 
Similarly, in cells expressing the 96 kDa AXB:ER fusion 
protein in the presence of hormone, this protein appeared 
to be hyperphosphorylated. In the absence of hormone, the 
AXB : ER protein appeared significantly less tyrosine 
phosphorylated ( — 5-fold) but did maintain some basal 
tyrosine phosphorylation. In some experiments, a subtle size 
shift dependent on hormone was apparent for the AXB:ER 
protein also (data not shown). Thus, the transforming forms 
of the Abl:ER fusion proteins had higher levels of tyrosine 
phosphorylation than the non-transforming forms. 
We also examined the in vitro kinase activity of the Abl:ER 
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Fig. 3. Hormone -dependent induction of Abl-dependent 
phosphorylation. Clonal lines expressing the cIV:ER and AXB:ER 
fusion proteins were washed, plated without estradiol and grown for 2 
days to allow the cells to revert. Plates of reverted cells were treated 
with hormone or mock treated for 2 days. Extracts were 
immunoprecipitated with antiserum specific for c-Abl (TV), run on 
5-15 % SDS-polyacrylamide gradient gels, blotted on to Immobilon 
(Millipore), and stained for anti-phosphotyrosine or Abl determinants 
(see Materials and methods). Lanes 1, cIV:ER cells without hormone; 
lanes 2, cIV:ER cells with 1 jiM estradiol; lanes 3, AXB:ER cells 
without hormone; lanes 4, AXB:ER cells with 1 /iM estradiol. Left 
panel: anti-phosphotyrosine Western blot shows an increase in the 
level of Abl tyrosine phosphorylation (compare with right panel for 
normalization) from low basal levels to high levels for cIV:ER- 
expressing cells and from moderate basal levels to high levels for 
AXB:ER-expressing cells. Right panel: anti-Abl Western blot. Note 
the comigration of the upper species with the hyperphosphorylated 
form of Abl for cIV:ER, Abl species are indicated with short arrows 
and the heavy chain of the precipitating antibody with a long arrow. 
Molecular weight markers on the left are 30, 46, 69, 97.4 and 
200 kDa. 



proteins in an immune complex kinase assay and found no 
apparent hormonal effect. Both cIV:ER and AXB:ER 
proteins had levels of kinase activity proportional to the 
amount of protein immunoprecipitated from cells treated 
either with or without hormone (not shown) suggesting that 
the in vitro kinase assay did not reflect the in vivo activity. 
Under the conditions of the assay, interaction with HSP90, 
which might be required for any hormone-dependent 
regulation, would not be maintained. Direct addition of 
hormone to the immune complex kinase assay also had no 
apparent effect (not shown). 



The SH3 domain delays the induction of tyrosine 
phosphorylation 

We examined the kinetics of activation of phosphorylation 
of cellular proteins by anti-phosphotyrosine Western analysis. 
Clonal lines expressing the cIV:ER and AXB:ER fusion 
proteins were plated in the absence of hormone and allowed 
to revert for 2 days. Estradiol was added to 1 /iM (f = 0) 
and lysates were prepared at various times and examined 
by anti-Abl and anti-phosphotyrosine Western analysis. 



The cIV:ER mutant showed a subtle increase in Abl 
protein level over 24 h, but a more dramatic increase in 
autophosphorylation within 1-2 h and then 
transphosphorylation of previously noted cellular proteins 
within one to several hours (Figure 4A and C). These 
tyrosine phosphorylated species are identical to those seen 
in NIH 3T3 cells transformed by v-Abl or an SH3-deleted 
c-Abl (species indicated are 36, 62, 85, 210/220 and 
280 - 300 kDa). The general kinetics of activation of the 
cIV:ER fusion protein was reproducible but showed some 
variation in the time required to show strong anti- 
phosphotyrosine staining (2—6 h). 

The AXB:ER mutant showed a different kinetics of 
activation. Both the autophosphorylation/size shift of the 
AXB:ER Abl species and the transphosphorylation of the 
cellular species occur in < 10 min (Figure 4B and D). In 
contrast, an increase in the level of the AXB:ER protein 
requires > 10 h. Thus, the activation of the AXB:ER protein 
by hormone addition occurs with faster kinetics than that 
for the activation of the cIV:ER protein. 

The background level of tyrosine phosphorylated species 
in the AXB:ER expressing cells was higher in the absence 
of hormone than for the cIV:ER cells, suggesting that the 
AXB:ER protein has some kinase activity without hormone. 
However, phosphorylation of these background species is 
not induced by hormone, suggesting that they are not relevant 
substrates for transformation. In contrast, the 
phosphorylation of some species like the 62 kDa protein is 
highly dependent on hormone (Figure 4D), suggesting that 
these may be crucial substrates for transformation. 

Protein synthesis is required for activation of clV:ER, 
but not AXB.ER 

When reverted cells were pretreated with cycloheximide for 
30 min before addition of hormone, the level of the 
pl03 cIV:ER protein decreased only slowly over the 18 h time 
course as seen by Western blotting (Figure 5A). Inspection 
of an anti-phosphotyrosine Western blot showed no activation 
of phosphotyrosine-containing proteins by the Abl kinase in 
the presence of cycloheximide (Figure 5C). 

Cells expressing the SH3-deleted Abl:ER fusion protein, 
p96 AXB:ER , did show considerable induction of tyrosine 
phosphorylation of characteristic species, even in the 
presence of cycloheximide (Figure 5D). Furthermore, the 
level of phosphotyrosine in these proteins was maintained 
in the absence of protein synthesis for at least several hours 
(Figure 5B and D). This suggests that cycloheximide blocks 
activation of the tyrosine kinase activity of the existing pool 
of cIV:ER fusion protein, and rules out a failure to maintain 
tyrosine phosphorylated proteins in the absence of protein 
synthesis. This requirement for protein synthesis could reflect 
the need to synthesize either new cIV:ER protein or proteins 
required for Abl activation, or both. Cycloheximide 
apparently inhibited the ability to induce morphological 
transformation for both cIV:ER and AXB:ER lines, but the 
toxicity of the drug on this time scale made this experiment 
difficult to interpret. 

Immunofluorescence shows hormone-induced 
redistribution of clV:ER from nucleus to cytoplasm 

Our previous work suggested a difference in subcellular 
localization between normal c-Abl (TV) [which was partly 
nuclear and partly associated with actin-rich stress filaments 
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Fig. 4. Kinetics of estrogen- induced tyrosine phosphorylation. Clonal lines expressing the cIV:ER and AXB:ER fusion proteins were washed, plated 
without estradiol and grown for 2 days in order to revert the cells morphologically. Multiple plates of reverted cells were treated with hormone and 
extracts prepared at the indicated times. The lane labeled 'mock' indicates an equivalent plate with no treatment and the lane labeled 'feed' was refed 
with fresh medium without hormone. Extracts were run on 5-15% SDS-polyacrylamide gradient gels and analyzed by anti-Abl and anti- 
phosphotyrosine Western blotting as described in Materials and methods. (A and C) Time course of estrogen induction of cIV:ER. (B and D) Time 
course of estrogen induction of AXB:ER. (A and B) Anti-Abl Western analysis shows the pl03 and p96 Abl species using a monoclonal antibody 
(mAb 19-84) against the kinase domain of Abl. (C and D) Anti-phosphotyrosine Western analysis shows the induction of a series of tyrosine 
phosphorylated species characteristic of Abl transformed cells. Six prominent induced species are 36, 62, 85, 210/220 and 300 kDa (indicated by 
closed triangles, starting from the bottom), which are identical to those seen in other Abl-transformed cells. The autophosphorylated Abl species is 
indicated by an open triangle. The induction of autophosphorylation and exogenous phosphorylation by the cIV:ER fusion protein requires at least 1 h 
for a detectable increase and thereafter increases cumulatively, whereas the induction of phosphorylation of these species occurs to near maximal 
levels within minutes for the AXB ER fusion protein. The appearance of the 210 kDa band was variable. Molecular weight markers are 46.5, 77, 
116.5 and 205 kDa. 



(absent in transformed cells)] and transforming versions of 
the Abl protein, which are predominantly cytoplasmic (Van 
Etten et al, 1989). To examine whether the localizations 
of the Abl:ER fusion proteins change upon activation, we 
analyzed these fusion proteins by indirect immuno- 
fluorescence using antisera directed either against the Abl 
SH3 domain or against the ER HBD. 

The cIV:ER fusion protein was observed to be mostly 
nuclear in cells plated in the absence of hormone and allowed 
to revert as judged by indirect immunofluorescence staining 
with affinity-purified antibodies against the Abl SH3 domain 
(Figure 6A). The majority bf staining was due to 
determinants from the highly overexpressed cIV:ER fusion 
protein and little staining from endogenous c-Abl as 



suggested by the much lower level staining of parental NIH 
3T3 cells (Figure 6B). A similar pattern of nuclear staining 
was seen with serum directed against the ER HBD, which 
showed low background staining of NIH 3T3 cells 
(Figure 6C and D). We saw no actin association, as would 
be expected from the fact that the cIV:ER fusion protein lacks 
the C-terminal actin binding domain. 

We examined the localization of the cIV:ER fusion protein 
at various times after hormone addition and found that over 
2-24 h the protein appeared to have a strong nuclear 
component of anti-Abl SH3 staining, but significant 
cytoplasmic staining became evident. A representative 
micrograph showing cIV:ER cells 8 h after hormone addition 
shows predominantly nuclear staining in some cells and very 
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Fig. 5. Activation of the cIV:ER fusion protein kinase requires protein synthesis, whereas the SH3-deleted variant apparently loses this requirement. 
Clonal lines expressing the cFV:ER and AXB ER fusion proteins were washed, plated without estradiol and grown for 2 days to allow the cells to 
revert. Multiple plates of reverted cells were treated with hormone and with or without cycloheximide at 100 /ig/ml. Extracts were prepared in the 
presence of the phosphatase inhibitor sodium orthovanadate at the indicated times. Extracts were run on 10% SDS-polyacrylamide gels and analyzed 
by anti-Abl and anti-phosphotyrosine Western blotting. The four panels are similar to those in Figure 4. In each case, the time course on the left is 
performed without cycloheximide, and that on the right with cycloheximide. The three closed triangles in panels C and D indicate 62, 85 and 220 
kDa proteins; the open triangles indicate the Abl protein. 



strong overall staining in others (Figure 6E). In general, the 
intensity of both nuclear and cytoplasmic staining increased 
during this time frame. However, between 24 and 48 h after 
hormone addition, as well as in cells grown continuously 
in hormone, much of the nuclear staining was lost in most 
cells, and predominantly cytoplasmic staining was seen 
(Figure 6F), In cIV:ER cells blocked with cycloheximide 
and treated with hormone, the protein appeared to remain 
nuclear, consistent with the cytoplasmic accumulation being 
due to de novo synthesis (data not shown). Thus, the 
redistribution of the cIV:ER protein concurrent with 
activation recapitulated the previously reported difference 
in subcellular localization of c-Abl and trarisforming versions 
of Abl (Van Etten et al. , 1989; Dhut et al. ,1991). However, 
the kinetics of the redistribution process did not suggest that 
the protein physically shuttled from the nucleus to the 
cytoplasm. Rather, the redistribution appeared consistent 
with a gradual cytoplasmic accumulation of de novo 
synthesized Abl because of an increasing inability of this 
protein to enter the nucleus in the cells undergoing 
transformation. 

The AXBiER fusion protein remains cytoplasmic 
Cells expressing the AXB:ER fusion protein showed a 
distinctive perinuclear staining pattern in the absence of 
hormone (Figure 6K). Such a subcellular distribution has 
not been observed for any previously described Abl variant. 
A kinetic analysis of subcellular localization showed that the 
AXB:ER protein becomes diffusely cytoplasmic lacking the 



strong perinuclear staining by 24 h after hormone addition 
(Figure 6L). Throughout the time course, there was no 
appreciable nuclear staining (data not shown). 

Hormone-dependent induction of membrane- 
associated phosphotyrosine staining 

We examined the subcellular localization of the accumulating 
phosphotyrosine-containing proteins by indirect 
immunofluorescence. In the absence of hormone, the cells 
expressing the cIV:ER fusion showed anti-phosphotyrosine 
antibody staining of punctate and wedge-shaped structures 
on the ventral surface of the cell (Figure 6G). A similar 
pattern is seen in parental NIH 3T3 cells and the staining 
of these structures is blocked with free phosphotyrosine (data 
not shown). These phosphotyrosine-containing structures 
have previously been identified as closely associated with 
focal adhesions and integrin receptors (Tapley et al. , 1989; 
Guan et al. 9 1991). As early as 2 h after hormone addition, 
novel focal structures near the ruffling edge of the cell 
(Figure 6H) and actin-rich cellular processes extending from 
the plasma membrane (Figure 61) frequently stain with anti- 
phosphotyrosine antibody in many cells. Similar membrane 
structures stain with the anti-Abl SH3 antibodies consistent 
with the c-Ab!:ER fusion being one of the major tyrosine 
phosphorylated species (data not shown). Highly transformed 
cells are strongly stained with anti-phosphotyrosine 
antibodies at 24-48 h after hormone addition (Figure 6J), 
or in cells maintained in hormone continuously (not shown). 
A variety of other cytoplasmic structures and a punctate 
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Fig. 6. Hormone-dependent activation of the cIV:ER fusion protein results in a change of localization from nucleus to cytoplasm, while the 
SH3-deleted variant never localizes to the nucleus. NIH 3T3 lines expressing the cIV:ER and AXB:ER fusions were plated in the absence of 
hormone and allowed to revert for 2 days. The cells were then treated with hormone and fixed for indirect immunofluorescence using 
methanol -acetone fixation as described in Materials and methods. Primary antibodies were either affinity-purified rabbit antiserum directed against 
the Abl SH3 domain (A, B, E and F), or rabbit ami sera directed against the human ER HBD (C, D, K and L) or the mouse monoclonal antibody 
4G10 against phosphotyrosine (G, H, I and J). Secondary antibodies were rhodamine-conjugated donkey anti-rabbit (A-D, K and L) or anti-mouse 
(G-J). (A) cIV:ER-expressing NIH 3T3 cells in the absence of hormone stained with SH3-specific primary serum (800 x magnification) showing 
strong nuclear localization of the cIV:ER fusion protein. (B) Parental NIH 3T3 cells stained with SH3-specific primary sera showing low 
background. (C) cIV:ER-cxpressing NIH 3T3 cells in the absence of hormone stained with ER HBD-specific primary serum confirming the nuclear 
staining in A. (D) Parental NIH 3T3 cells stained with ER HBD-specific primary serum showing low background. (E) cIV:ER-expressing NIH 3T3 
cells 8 h after hormone addition stained with SH3-specific primary serum (500 x) retain nuclear staining, but accumulate cytoplasmic staining. (F) 
cIV:ER-expressing NIH 3T3 cells 48 h after hormone addition stained with SH3-specific primary serum (625 x) showing largely cytoplasmic 
localization. (G) cIV:ER-expressing NIH 3T3 cells in the absence of hormone, stained with an anti-phosphotyrosine primary antibody. The focus is 
on the ventral surface of the cell to emphasize the staining of focal adhesions (500 x). (H and I) cIV:ER-expressing NIH 3T3 cells 8 h after the 
addition of hormone, stained with an anti-phosphotyrosine primary antibody showing the appearance of membrane phosphotyrosine staining. (H) The 
focus is on the ruffling edge of the cell (800 x). (I) A detailed view showing anti-phosphotyrosine staining in ruffles and spikes (158 x). (J) cIV:ER- 
expressing NIH 3T3 cells 48 h after hormone addition stained with an anti-phosphotyrosine primary antibody (625 x) showing a large accumulation 
of tyrosine-phosphorylated proteins. (K) AXB:ER-expressing NIH 3T3 cells in the absence of hormone stained with ER HBD-specific primary serum 
(800 x magnification) showing a strong perinuclear localization. (L) AXB:ER-expressing NIH 3T3 cells 48 h after addition of hormone, stained with 
ER HBD-specific primary serum showing diffuse cytoplasmic localization. 



nuclear structure stain with anti-phosphotyrosine antibodies 
at different times after hormone addition (data not shown). 
These may represent intermediates in the process of 
morphological transformation, but a more systematic analysis 
will be required to establish this idea. Results with AXB:£R 
were essentially similar (data not shown). 

Discussion 

We have developed a new strategy for constructing regulable 
derivatives of both normal and activated Abl tyrosine kinases 



by fusing them to the ER HBD. We have exploited these 
hormone-conditional AblrER fusion proteins to study the 
kinetics of activation of the Abl kinase activity, the Abl- 
dependent induction of the transformed state and its influence 
on redistribution of the Abl protein from the nucleus to the 
cytoplasm, and to identify a protein synthesis requirement 
for activation of the Abl kinase. 

Fusion to steroid binding domains has previously been 
used to construct regulable derivatives of several 
transcription factors. In those cases, the heterologous activity 
becomes inactivated in a hormone-reversible fashion (Picard 
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et al , 1988; Eilers et al , 1989; Burk and Klempnauer, 
1991; Supeiti-Furga et al , 1991; Umek et al , 1991). We 
have now extended the list of the regulable activities to a 
tyrosine kinase, a transforming variant of c-Abl. Completely 
unexpected was the finding that a non-transforming, normal 
c-Abl derivative could be activated for transformation by 
fusion to the ER HBD. This finding has implications both 
technically and for the understanding of Abl activation (see 
below). The activation of c-Abl is also unusual because C- 
terminal mutations or fusions have not generally been found 
to activate c-Abl. Further, activation by the ER HBD is 
relatively specific because C-terrninal fusion of other proteins 
including Gag, Bcr and the ecdysone receptor HBD did not 
activate c-Abl (P.Jackson and D.Picard, unpublished data). 

Hormone-dependent transformation by these fusion 
proteins was homogeneously conditional and reversible 
within 24— 48 h. We used the regulable Abl:ER protein to 
study the kinetics of activation of Abl, and found a rapid 
( — 10 min) or slower (over several hours) activation of Abl 
kinase activity as judged by phosphorylation of cellular 
substrates, depending on the absence or presence of the SH3 
domain, respectively. We correlated the hormone-dependent 
activation of Abl with increased autophosphorylation, 
cytoplasmic localization, and the appearance of phospho- 
tyrosine-containing structures at the plasma membrane. 

Recently, we observed hormone-dependent formation of 
a 600-800 kDa complex containing Abl and several tyrosine 
phosphorylated proteins including p62 and p85 in sucrose 
gradients, which may correspond to these plasma membrane 
structures (P.Jackson, D.Baltimore, and D.Picard, 
unpublished results). For one identified substrate of activated 
Abl, the 85 kDa subunit of the phosphatidyl inositol-3-kinase 
(PI-3-kinase), membrane association has been demonstrated 
to be important for activation of the associated PI-3-kinase 
activity (Varticovski et al, 1991). We have also observed 
hormone-dependent coprecipitation of tyrosine 
phosphorylated proteins including p62, as observed for other 
transforming Abl proteins (Lugo et al , 1990; Mayer et al. , 
1992). Here, the Abl SH2 domain could promote complex 
formation by high affinity binding to tyrosine phosphorylated 
proteins, a function which appears to be essential for Abl 
transforming ability (Mayer etal., 1990, 1992). 

The c-Abl (IV):ER fusion protein localizes to the nucleus 
before activation with hormone, whereas upon hormone 
addition the de novo synthesized protein accumulates in the 
cytoplasm. This result is consistent with our observation that 
nuclear transport is the default condition for Abl in normal 
cells and that retention in the cytoplasm is regulated by the 
transformed state of the cells. In support of this idea, we 
have recently demonstrated that inducing Abl-dependent 
transformation can cause an epitope-tagged, nuclear, non- 
transforming variant of Abl to become retained in the 
cytoplasm (P.Jackson, D.Baltimore and R.Van Etten, 
unpublished). 

The SH3-deleted Abl:ER fusion protein, AXB:ER, never 
goes to the nucleus and is more rapidly activated, consistent 
with immediate activation of the kinase without de novo 
synthesis. The failure of the SH3-deleted AXB:ER protein 
to translocate to the nucleus hints at a role for SH3 in 
modulating nuclear translocation. However, the unique 
perinuclear localization of and the presence of residual 
phosphotyrosine within the pool of AXB:ER protein in the 
absence of hormone suggest that this configuration may be 



a special case, and not generally representative of normal 
or transforming Abl. 

Different mechanisms for inactivation and activation 
of the Abl kinase? 

Dominant inactivation by HBDs has been proposed to be 
due to the formation of a protein complex involving' the heat- 
shock protein HSP90 and the protein fused to the HBD (for 
discussion see Picard et al , 1988, 1990; Yamamoto et al. , 
1988; and references therein). In the absence of hormone, 
HSP90, which is known to be bound hormone-reversibly 
to the HBD of steroid receptors, could interfere with various 
activities of the fusion polypeptide. Upon hormone addition, 
the release of HSP90 would relieve this inhibition. We 
suppose that the activated Abl kinase moiety of AXB:ER 
cannot function in the absence of hormone because HSP90, 
when bound to the HBD moiety, blocks access to substrate 
proteins or blocks another function essential for Abl- 
dependent fibroblast transformation, such as myristoylation- 
dependent membrane association or the SH2-phospho- 
tyrosine binding function (Mayer et al. , 1990, 1992; Daley 
et al , 1992). The fast kinetics (< 10 min) and the lack of 
a protein synthesis requirement for activation of the AXB:ER 
fusion protein is consistent with a rapid release of HSP90 
from such complexes. 

In cIV:ER, the activation of the non-transforming Abl 
moiety by the HBD must involve a different mechanism as 
suggested by several observations: the higher concentrations 
of hormone required for activation, the different kinetics of 
morphological change, and the slower kinetics and the 
protein synthesis requirement for activation of the cIV:ER 
kinase. Since cIV:ER differs from AXB:ER only by the 
presence of SH3, this kinetic lag suggests that a distinct 
mechanistic step is required to overcome SH3-dependent 
negative regulation of Abl activity. The lag also correlates 
with and may be mechanistically related to the redistribution 
from the nucleus to the cytoplasm. We do not know whether 
there are differences in how HSP90 interacts with nuclear 
cIV:ER versus cytoplasmic AXB:ER fusion proteins and 
whether this explains differences in affinity for estradiol or 
the dose -response to estradiol for transformation. 

Activation of Abl by fusion to proteins promoting 

oligomerization or by overexpression? 

Two hypotheses for the activation of c-Abl by fusion to the 

ER HBD should be considered: (i) oligomerization and (ii) 

overexpression. 

Oligomerization. The suggested ability of the HBD to 
promote hormone-dependent dimerization would provide a 
plausible mechanism for activation (Kumar and Chambon, 
1988; Fawell et al, 1990). Since transmembrane tyrosine 
kinases can be activated by oligomerization, non-receptor 
tyrosine kinases could be similarly regulated. This 
mechanism has indeed been suggested for activation of one 
such kinase, called c-Lck, in T-cell signaling (Bolen and 
Veillette, 1989). There is no direct biochemical evidence 
for dimerization/oligomerization of Abl, but others have 
observed activated versions of Abl in higher order complexes 
(Li et al. , 1988; Campbell et al , 1990; Lugo et al. , 1990). 
The formation of a high molecular weight complex upon 
hormone addition has so far confounded our attempts to look 
directly for a hormone-dependent Abl dimer. However, the 
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possibility of Abl dimerization is supported by the ability 
of a kinase-active variant of Abl to transphosphorylate a 
kinase-defective variant in an in vitro kinase assay (Witte 
et al t 1980). Further, when both variants are coexpressed 
in fibroblasts, the kinase active Abl can transphosphorylate 
the kinase inactive variant as assayed by anti-phosphotyrosine 
antibody (P.Jackson and R.Van Etten, unpublished data). 
An implication of the dimer hypothesis is that the fusion of 
sequences that promote oligomerization to the Abl protein 
should activate the Abl kinase activity. The ability of Gag 
and Bcr sequences found in naturally occurring transforming 
versions of Abl to dimerize or self-associate is consistent 
with this prediction (Yoshinaka et al. , 1984; Li et al. , 1988; 
Campbell et al. , 1990). 

Overexpression. The ability of the wild type c-Abl (IV) 
kinase to be activated in vivo by vast overexpression has been 
demonstrated (Wang, 1988; Lugo et al , 1990; Pendergast 
etal, 1991). Typically, activation by overexpression has 
been seen only in transient expression systems and not in 
stably transfected murine fibroblast lines where such high 
levels of c-Abl overexpression are precluded by a 'toxic' 
or cytostatic effect of the c-Abl kinase. We speculate that 
the toxic effect of the Abl protein has been at least partially 
suppressed in the Abl:ER fusions, thus allowing 
overexpression to high levels. This idea is supported by our 
observation that the Abl:ER fusions are also conditional for 
the cytostatic effect of the Abl kinase (P.Jackson, 
D.Baltimore and D.Picard, in preparation). This property 
of the ER HBD to allow overexpression of 'toxic' proteins 
may be broadly useful. 

Nonetheless, the pl03 cIV:ER protein expressed in 
transformed NIH 3T3 cells was not more abundant than the 
cIV-A630 protein expressed in several non-transformed 
clonal lines (P.Jackson, unpublished data), suggesting that 
overexpression is not sufficient for transformation, and 
supporting the notion that the ER HBD has a dominant 
property causing Abl activation. 

Application of regulation by HBDs 

The extension of regulation-by-fusion to an HBD from 
transcription factors to kinases suggests that this strategy may 
provide regulable alleles for a variety of regulatory and 
enzymatic moieties, including gene products of unknown 
biochemical function. Indeed, other tyrosine and serine 
kinases have now been shown to be regulated as ER fusions 
(M.McMahon, personal communication). We have recently 
shown that the kinase activity of the Abl:ER fusion protein 
is also regulable in Saccharomyces cerevisiae, suggesting 
that the strategy may be generally applicable in eukaryotes 
(D.Picard and P.Jackson, unpublished). Steroid regulation 
may also be of considerable use in transgenic animals, 
especially in mammals, where homeostatic mechanisms 
generally preclude the use of temperature-sensitive mutants. 



Materials and methods 

Constructions 

Constructs pPLcIV and pPLAXB, encoding wild type or SH3-deleted 
versions of c-Abl (IV), respectively, have been described (Jackson and 
Baltimore, 1989). All new plasmids are based on these retroviral expression 
vectors. 



pPUIV.ER. A fragment encoding the HBD (amino acids 282 -595) of the 
human ER, originally derived from plasmid HEM (Kumar et at., 1986), 
was fused to c-Abl (TV) (amino acids 1 -630) at the Nar\ site following 
the sequence encoding the pentalysine nuclear localization signal. The HBD 
used in this study carries a point mutation (Gly to Val at amino acid 400), 
which lowers ligand affinity (Tora et al. , 1989). It is therefore less sensitive 
to spurious agonist activities in tissue culture medium. 

pPLAXB.ER. Identical to pPLcIV:ER except for the AXB deletion of the 
SH3 domain (Jackson and Baltimore, 1989). 

pPLcIV-AN. A C-terminaJ deletion mutant of c-Abl (TV), derived from 
pPLcIV by inserting a Spel linker in the unique Narl site, thus adding a 
nonsense mutation 3' to codon 630. This mutant retains the pentalysine 
nuclear localization signal. 

pPLAXB-AN. Identical to pPLcIV-AN, except for the AXB deletion of the 
SH3 domain. 

pPUIV(980):ER. The fragment encoding the HBD of ER was inserted into 
the unique Sail site of pPLcIV thus fusing c-Abl (IV) amino acids 1 -980 
to the HBD. 

Cell culture and transfection 

Transfection of NIH 3T3 cells and generation of clonal cell lines was as 
described by Jackson and Baltimore (1989). Briefly, 8 x 10 5 NIH 3T3 cells 
were cotransfected with 10 jig of plasmid DNA and 0.5 /xg of a Moloney 
virus proviral clone, pZAP (Goff et al. , 1982), and scored for transformed 
foci. Populations of transformed cells were dislodged by squirting with 
medium, cloned to limiting dilution (£30 positives per 96 well-plate) and 
screened for homogeneous hormone-dependent morphological 
transformation. Putative positive clones were expanded and verified by 
Western blotting, using the monoclonal antibody 19-84 which is specific 
for the Abl kinase domain (Schiff-Maker etal. t 1986). Independent 
transformed clones of a given mutant had very similar levels of expression. 
Immunofluorescence with anti-Abl or anti-ER sera was used to verify the 
homogeneity of the cloned lines. 

Antisera, immunofluorescence and microscopy 
Polyclonal rabbit serum specific for c-Abl (IV) was kindly given by Dr 
Owen Witte (UCLA). Polyclonal rabbit serum against the ER HBD was 
generously provided by Drs Steve Robbins and Mike Bishop (UCSF). 
Polyclonal rabbit antiserum was also generated against a GST-SH3 fusion 
protein (Cicchetti et al. , 1992). The SH3 serum was preadsorbcd with GST 
protein and then affinity-purified against the GST-SH3 fusion protein. Both 
the anti-ER and anti-SH3 sera appeared monospecific for the highly 
overexpressed Abl:ER fusion proteins by Western blot analysis and SH3 
staining could be blocked by including soluble SH3 protein. The anti-Abl 
monoclonal antibody, 19-84 (Schiff-Maker et al , 1986), was affinity-purified 
on a goat anti-mouse IgG column from hybridoma supernatant (Cappel). 
The anti-phosphotyrosine monoclonal antibody, 4G10, was obtained 
commercially (UBI). 

Immunofluorescence was performed as described by Van Etten et al. 
(1989), Briefly, cells grown on coverslips were fixed by methanol -acetone 
at -20°C, rehyd rated, blocked in 5% normal donkey serum, stained with 
rabbit or mouse serum at 2 pg/ml, washed with PBS, stained with rhodamine- 
conjugated donkey anti-rabbit or mouse antibody (Jackson Immunoresearch) 
and counterstained with Hoechst 33358 (Sigma) to mark nuclei. Anti-ER 
HBD antiserum was used at a 1:300 dilution. Coverslips were mounted 
with Fluoromount G (Fisher), visualized on a Zeiss Axiophot or Nikon 
Diaphot, and photographed using TMAX 400 film (Kodak). Additional 
experiments using fixation with 4% paraformaldehyde and permeabilization 
with 0.5% Triton X-100 were performed to demonstrate that specific staining 
patterns were not an artefact of the fixation method. Time-lapse video 
microscopy was performed by growing cells on 25 mm coverslips and 
observing the cells under phase-contrast with a 40 x air objective on a Zeiss 
ICM 405 with a CCD camera (Hamaguchi) and video recorder. 

Hormone binding assay 

The whole cell binding assay was as described by Taylor et al. (1984). ER 
HBD concentrations were determined by measuring hormone binding of 
whole cells in phenol-red free medium containing 0.1% bovine serum 
albumin (Sigma) and 1 nM [ 3 H]estradiol (NEN) in the presence or absence 
of 200 nM unlabeled 0-estradiol. Affinity measurements were performed 
by incubating cells with increasing concentrations of radioligand (0-300 
nM). Receptor concentrations and binding constants were deduced using 
a nonlinear iterative curve fitting program (Murlas et al. t 1982). 
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Western blot analysis and immunoprecipitation 
Cell extracts were prepared in RIPA buffer (150 mM NaCl, 50 mM Tris 
pH 7.4, 1 mM EDTA, 1% Triton, 0.1% SDS, 1% sodium deoxycholate. 
1 mM Na 3 V0 4 , 40 mM NaF, 30 mM sodium pyrophosphate, 1 mM 
PMSF, 1% aprotinin, 10 fig'ml pepstatin) and clarified at 13 000 g for 15 
min at 4°C. Lysates were boiled in sample buffer, run on 5-9% gradient 
SDS-polyacrylamide gels (50 /ig protein for a 3 mm x 1 mm gel slot) and 
transferred to nitrocellulose or Immobilon (Miilipore) for 500 mA-h. Filters 
were washed in Tris-buffered saline with 0.05% Tween 20 (TOST), blocked 
for 30 min in 1 % BSA/TBST and incubated with affinity-purified anti-Abl 
or anti-phosphotyrosine antibodies at 2 jtg/ml in TBST for 1 h. After three 
washes in TBST, filters were incubated with 0.5 /xg/ml alkaline phosphatase 
(AP) conjugated donkey anti-mouse (Jackson Immunoresearch, Inc.) in TBST 
for 30 min. After three washes in TBST and one wash in AP buffer (100 
mM Tris pH 9.5, 50 mM NaCl, 2.5 mM MgCl 2 ), filters were reacted in 
AP buffer plus 300 jig/ml nitroblue tetrazolium (NBT; Promega Biotech) 
and 150 ng/ml 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; Promega 
Biotech). Filters were photographed using a yellow filter (Hoy a). 

Metabolic labeling and immunoprecipitations were as described by Jackson 
and Baltimore (1989). 
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